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Abstract
In this thesis, turbulent flows over canopies in the sparse and dense regimes are examined using
direct numerical simulation. The term ‘canopy’ is used to refer to tall roughness elements in
the flow. Sparse canopies typically have large element spacings and allow turbulent eddies to
penetrate between the elements, whereas dense canopies have small spacings and preclude
the penetration of turbulent eddies within them.
In sparse canopies, we consider layouts with rigid elements and spacings larger than the
characteristic scales of near-wall turbulence, s+ ≳ 100. We focus on the effect of the canopy
on the background turbulence, the part of the flow that remains once the element-induced
flow is filtered out. In channel flows, the distribution of the total stress is linear with height.
Over smooth walls, the total stress is only the ‘fluid stress’ τf , the sum of the viscous and
the Reynolds shear stresses. In canopies, in turn, there is an additional contribution from
the canopy drag, which can dominate within. We find that, for sparse canopies, the ratio
of the viscous and the Reynolds shear stresses in τf at each height is similar to that over
smooth-walls, even within the canopy. From this, a height-dependent scaling based on τf is
proposed. Using this scaling, the background turbulence within the canopy shows similarities
with turbulence over smooth walls. This suggests that the background turbulence scales
with τf , rather than with the conventional scaling based on the total stress. This effect is
essentially captured when the canopy is substituted by a drag force that acts on the mean
velocity profile alone, aiming to produce the correct τf , without the discrete presence of
the canopy elements acting directly on the fluctuations. The proposed mean-only forcing is
shown to produce better estimates for the turbulent fluctuations compared to a conventional,
homogeneous-drag model. The present results thus suggest that a sparse canopy acts on
the background turbulence primarily through the change it induces on the mean velocity
profile, which in turn sets the scale for turbulence, rather than through a direct interaction of
the canopy elements with the fluctuations. The effect of the element-induced flow, however,
requires the representation of the individual canopy elements.
The dense canopies studied consist of rigid, prismatic filaments with small spacings.
The effect of the height and spacing of the canopy elements on the flow is studied. The
flow is composed of an element-coherent, dispersive flow and an incoherent flow, which
includes contributions from the background turbulence and from the flow arising from the
viii
Kelvin–Helmholtz-like, mixing-layer instability typically reported over dense canopies. For the
present canopies, with spacings s+ ≈ 3–50, the background turbulence is essentially precluded
from penetrating within the canopy. As the elements are ‘tall’, with height-to-spacing ratios
h/s ≳ 1, the roughness sublayer of the canopy is determined by their spacing, extending to
y ≈ 2–3s above the canopy tips. The dispersive velocity fluctuations are observed to also
depend mainly on the spacing, and are small deep within the canopy, where the footprint of
the Kelvin–Helmholtz-like instability dominates. The instability is governed by the canopy
drag, which sets the shape of the mean velocity profile, and thus the shear length near the
canopy tips. For the tall canopies considered here, this drag is governed by the element
spacing and width, that is, the planar layout of the canopy. The mixing length, which
determines the lengthscale of the instability, is essentially the sum of its height above and
below the canopy tips. The former remains roughly the same in wall-units and the latter is
linear with s for all the canopies considered. For very small element spacings, s+ ≲ 10, the
elements obstruct the fluctuations and the instability is inhibited. Within the range of s+ of
the present canopies, the obstruction decreases with increasing spacing and the signature of
the Kelvin–Helmholtz-like rollers intensifies. For sparser canopies, however, the intensification
of the instabilities ceases as the assumption of a spatially homogeneous mean flow breaks
down. For the present, dense configurations, the canopy depth also has an influence on the
development of the instability. For shallow canopies, h/s ∼ 1, the lack of depth blocks the
Kelvin–Helmholtz-like rollers. For deep canopies, h/s ≳ 6, the rollers do not perceive the
bottom wall and the effect of the canopy height on the flow saturates.
Two approaches based on linear stability analysis are proposed to capture the Kelvin–
Helmholtz-like instability over dense canopies. The first approach models the canopy as
an anisotropic permeable substrate whose wall-normal permeability, Ky, is larger than its
streamwise permeability, Kx. This model predicts that the instability over canopies is
governed by the geometric mean of the two permeabilities,
√
K+x K
+
y . We also use this model
to study the effect of the mean inclination of the canopy elements on the instability. The
second approach models the canopy using a drag force in the momentum equation. This
model shows that two competing effects, originating from the canopy drag, govern the growth
of the instability. Increasing the canopy drag results in a stronger inflection point in the
mean velocity profile, which enhances the instability, while at the same time, it also inhibits
fluctuations within the canopy, suppressing the instability. We also analyse the stability of
the mean profiles obtained from the DNS of dense canopy flows. Using this analysis, we
show that the shear-layer thickness within the canopy, which determines the streamwise
wavelength of the instability, also scales with the element spacing.
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Chapter 1
Introduction
Canopy flows are ubiquitous in both natural and artificial settings. Consequently, the study
of canopy flows has wide-ranging applications. Perhaps the most extensively studied examples
of these flows are those through vegetation, such as crops and forests. The applications of
these studies include characterisation of the exchange of carbon-dioxide between vegetation
layers and the atmosphere (Baldocchi et al., 2001), preventing crop loss due to wind damage
(de Langre, 2008), weather forecasting (Barlow & Coceal, 2008), and even providing better
representations of plant motion in animated films (Diener et al., 2006). Canopy flows are also
relevant for engineering applications. Canopy-like devices such as pin-fins are used for cooling
electronic components and in heat exchangers (Bejan & Morega, 1993). Recently, prototypes
of piezoelectric filament mats for energy harvesting have also been developed (Slingsby, 2018).
Some of the examples of canopies mentioned above are portrayed in figure 1.1, which also
illustrates that canopies can span a wide range of sizes and flow conditions. In addition, the
canopy parameters relevant for engineering applications may also be very different from those
of the widely studied natural canopies. Canopies can be broadly classified into three regimes
dense, intermediate and sparse (Nepf, 2012). Sparse canopies generally have elements that
are widely spaced and behave like independent obstacles in the flow. Dense canopies, on the
other hand, have closely packed elements, which act on the overlying flow in a homogeneous
fashion. The intermediate, or transitional, regime lies between these two extremes. Although
there is no fixed parameter to classify canopies into these regimes effectively, there are certain
typical flow features associated with dense and sparse canopies. The flow over dense canopies
is characterised by the presence of a Kelvin–Helmholtz-like, mixing-layer instability (Raupach
et al., 1996). Sparse canopies, however, do not exhibit this mixing-layer type behaviour
(Poggi et al., 2004).
In the present work, we analyse turbulent flows over canopies using direct numerical
simulation. The aim is to understand how canopies in the sparse and dense regimes affect
turbulence within and above them and identify the key canopy parameters that govern their
interaction. For flows over sparse canopies, we separate the contribution of the element-
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(a) (b) (c)
FIGURE 1.1 Examples of natural and artificial canopies. (a) natural crop canopy1, (b) pin-fin
heat sink2and (c) piezoelectric filaments3.
induced flow from the remaining background turbulence and study them separately. Particular
emphasis is placed on the properties of the background-turbulence fluctuations. In dense
canopy flows, we also explore the effect of the canopy parameters on the Kelvin–Helmholtz-like
instability and propose simplified models based on linear stability analysis to capture them.
These instabilities are known to increase mixing of the flow within and over the canopy and
may, therefore, be beneficial for the engineering applications mentioned above.
In the remainder of this chapter, we provide a summary of prior research into turbulent
flows over canopies and provide further details about the particulars of the present work. In
§1.1, we discuss wall-bounded turbulent flows in the near-wall region. In §1.2, we discuss the
existing literature on sparse and dense canopy flows. In §1.3, we discuss studies on linear
stability analysis of canopy flows. The aims and the structure of the thesis are discussed in
§1.4.
1.1 Wall-bounded turbulent flows
Turbulent flows in the vicinity of walls have different characteristics compared to flows far away
from any boundaries (Tennekes & Lumley, 1972). The no-slip and impermeability conditions
at the wall in viscous flows result in the near-wall turbulence being highly anisotropic. In
such flows, four major regions can be identified based on the distance from the wall. Very
close to the wall is the viscous sublayer, where the size of the turbulent eddies scales with
the viscous lengthscale, ν/uτ , where ν is the fluid kinematic viscosity and uτ =
√
τw/ρ is
the friction velocity based on the wall shear-stress, τw. Variables scaled with the viscous
lengthscale and the wall friction velocity are said to be in wall or friction units and are
indicated by the superscript ‘+’. The size of the viscous sublayer is y+ ≲ 5, where y is the
wall-normal coordinate. In the region 5 < y+ ≲ 100, both viscous and inertial effects are
1"Cornfield tree" by nagillum, licensed under CC BY 2.0
2wikipedia.org/wiki/Heat_sink
3"Moya Power" by Charlotte Slingsby, image from jamesdysonawards.com
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FIGURE 1.2 Schematic of structures associated with the near-wall turbulence cycle, adapted
from Gómez-de-Segura (2019).
important, and this region is termed as the buffer layer. Above the buffer layer, in the region
80 < y+ ≲ 0.3δ, the size of the turbulent eddies scales with their distance from the wall.
This region is the self-similar, logarithmic layer. The viscous sublayer, buffer layer and the
beginning of the logarithmic layer are together referred to as the inner layer. Above the
logarithmic layer, in the outer layer, the size of the turbulent eddies scales with the channel
height, δ. The velocity scale for all these regions is set by the wall-friction velocity, uτ . It
may be noted here that variables scaled using the channel height, δ and the bulk velocity, Ub
are said to be in ‘outer units’. The flow in the viscous and buffer region in smooth channels
has been extensively studied, and a detailed examination of the flow dynamics can be found
in Jiménez & Pinelli (1999), Schoppa & Hussain (2002), Jiménez (2013), and the recent
review by Jiménez (2018). In this region, the streamwise flow is organised mainly in the
form of alternating high- and low-speed streaks, with streamwise and spanwise extents of
λ+x ≈ 1000 and λ+z ≈ 50, respectively (Kline et al., 1967; Smith & Metzler, 1983). The
average spanwise separation of the streaks is of the order of a hundred wall-units. These
streaks are flanked on either side by quasi-streamwise vortices that have a spanwise diameter
of λ+z ≈ 20 (Blackwelder & Eckelmann, 1979), as illustrated in figure 1.2. The streaks and
quasi-streamwise vortices are together responsible for the self-sustaining, near-wall cycle. The
vortices bring in high-momentum fluid towards the wall to sustain the high-speed streak,
and displace the low momentum fluid away from the wall sustaining the low-speed streak.
The exact mechanism of their formation and regeneration is still somewhat unclear (Jeong
et al., 1997; Jiménez & Pinelli, 1999). Jiménez & Pinelli (1999) showed through a series
of conceptual numerical simulations that the flow in the inner layer, 0 < y+ ≲ 60, can be
sustained independent of the outer layer flow, and vice versa. The streamwise coherent
streaks still exist in the logarithmic region, but their streamwise and spanwise extent is larger
than that of the near-wall streaks, and the vortices in the logarithmic region have a larger
range of scales than those in the buffer and viscous layers (Jiménez, 2013).
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Several studies have shown that complex surfaces with small texture sizes, of the order
of tens of wall-units, generally interact with and modify the turbulent structures in the
inner layer. Examples of these textures include conventional rough surfaces (Jiménez, 2004;
Orlandi & Leonardi, 2006; Flack et al., 2007; Abderrahaman-Elena et al., 2019), riblets
(García-Mayoral & Jiménez, 2011; García-Mayoral et al., 2019) and anisotropic permeable
substrates (Gómez-de-Segura & García-Mayoral, 2019). Roughness elements with very small
sizes do not have a noticeable effect on the overlying turbulence, which remains smooth-wall-
like for roughness heights up to h+ ≲ 5 (Nikuradse, 1933; Raupach et al., 1991; Jiménez,
2004). Such rough surfaces are termed as ‘hydraulically smooth’. Larger roughness elements
cause an increase in the drag experienced by the overlying flow (Nikuradse, 1933) and also
result in a modification of the near-wall turbulence dynamics (Jiménez, 2004; Flores &
Jiménez, 2006; Flack et al., 2007; Abderrahaman-Elena et al., 2019). Flores & Jiménez (2006)
studied the effect of introducing sinusoidal perturbations at the wall, which mimicked the
behaviour of roughness on the overlying flow. They observed that the applied perturbations
caused the disruption of streaks, which caused a reduction in the intensity of the streamwise
fluctuations in the near-wall region. The result of these changes is often reported as the
near-wall turbulence over roughness becoming more isotropic (Ligrani & Moffat, 1986; Orlandi
& Leonardi, 2006). The effect of the roughness elements on the overlying flow is observed to
extend up to a few roughness heights above the elements. This height is called the roughness
sublayer, and the flow above it resembles canonical, smooth-wall flow in accordance with
Townsend’s outer-layer similarity theory (Townsend, 1976; Raupach et al., 1991). The height
of the roughness sublayer over cubical and sand-grain roughness has been estimated to be
y = 2–4h (Flack et al., 2007; Abderrahaman-Elena et al., 2019). However, several studies
have observed that certain roughness geometries can perturb the flow beyond this height as
well (Jiménez, 2004; Leonardi & Castro, 2010; Placidi & Ganapathisubramani, 2018).
1.2 Turbulent flows over canopies
Natural canopy flows have been extensively studied over the past few decades. In one of the
early canopy studies, Inoue (1955) noted patches of rice crops bending in unison in response
to the wind blowing over them. Inoue (1955) used the term honami to refer to the coherent
bending. A subsequent wind tunnel experiment of model crops performed by Finnigan &
Mulhearn (1978) suggested that honami was an imprint of large, coherent flow structures
in the atmospheric boundary layer passing over the crops. Raupach et al. (1996) drew a
connection between mixing-layer flows and canopy flows. They noted that, like mixing-layer
flows, canopy flows also exhibited an inflection point in the mean velocity profile at the
canopy-tip plane, which could result in the formation of a Kelvin–Helmholtz-like instability
over them and cause honami. The formation of this instability enhances momentum exchange
between the free-flow and canopy regions, and consequently, results in increased mixing
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and drag (Raupach et al., 1996; Finnigan, 2000; Nepf, 2012). Canopies with large element
spacings, however, do not exhibit a noticeable signature of this instability (Poggi et al., 2004;
Pietri et al., 2009; Huang et al., 2009; Nepf, 2012). Based on experimental observations of
flows over model aquatic canopies, Nepf (2012) provided an approximate classification for
canopies into three regimes based on their roughness frontal density, λf , which is the ratio of
the frontal area of the canopy elements and the plan area of the canopy bed. Nepf (2012)
proposed that dense canopies had large roughness densities, λf > 0.1, and exhibited a strong
signature of the Kelvin–Helmholtz-like instability. Canopies with λf < 0.1 were observed by
Nepf (2012) to lie in the sparse regime and not trigger the instability in the flow. Canopies
with intermediate densities λf ∼ 0.1 were classified as transitional, and may or may not
trigger the instability. In the following sections, we provide an overview of studies on flows in
the sparse and dense canopy regimes.
1.2.1 Sparse canopies
A majority of the canopy-flow literature focusses on the dense regime, where the flow over the
canopy is known to be dominated by the footprint of the Kelvin–Helmholtz-like, mixing-layer
instability. As the canopy density decreases, mixing-layer dynamics eventually cease to
operate over it, and such a canopy is termed as sparse (Poggi et al., 2004; Huang et al.,
2009; Pietri et al., 2009). However, there still does not seem to be a single quantitative
parameter to define a sparse canopy. Raupach et al. (1996), who laid the foundation of the
mixing-layer theory for dense canopy flows, mentioned that a sparse canopy would be one
which has element spacings larger than their height. Some studies have suggested that a
canopy would be sparse if the shear stress at the canopy floor is comparable in magnitude to
the canopy drag, or equivalently, where the Reynolds shear stresses only approach zero at
the canopy floor (Finnigan, 2000; Luhar et al., 2008; Nepf, 2012). This condition essentially
implies that sparse canopies would have large element spacings compared to the lengthscales
of the turbulent eddies in the flow, which are responsible for generating the Reynolds stresses.
These eddies could then penetrate the full height of the canopy only being restricted by
the canopy floor. As mentioned previously, Nepf (2012) used the roughness frontal density,
λf , to classify the canopies and observed that a range of aquatic canopies with λf < 0.1
lay in the sparse regime and did not trigger the Kelvin–Helmholtz-like instability. However,
λf is a purely geometric parameter and does not take into account the lengthscales of the
turbulent eddies. In a canopy with a fixed layout, that is, a fixed spacing and λf , the
lengthscales of the overlying turbulent flow can be much larger than the element spacing at a
particular Reynolds number, so that the turbulent eddies are precluded from penetrating
within the canopy. As the Reynolds number is increased, however, the size of the turbulent
eddies would eventually become comparable to the spacing and allow the eddies to penetrate
within the canopy efficiently. We can therefore expect that the element spacing required
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FIGURE 1.3 Schematic representation of flow regimes in (a) dense and (b) sparse canopies
adapted from Poggi et al. (2004). K–H eddies refers to the eddies associated with Kelvin–
Helmholtz-like, mixing-layer instabilities.
for the turbulent eddies to penetrate the full height of the canopy would be linked to the
characteristic sizes of the eddies at a particular Reynolds number. Therefore, λf on its
own may not be a sufficient parameter to determine the canopy regime. Poggi et al. (2004)
carried out experimental studies of flow over a range of canopies densities to identify the
characteristics of the different regimes. They proposed that the flow within the canopy could
be broadly divided into three zones. The first zone, near the canopy floor, was found to
be dominated by element-scale vortices originating from the wakes of the canopy elements.
The second zone, near the top of the canopy, was reported to have an interplay between
mixing-layer type eddies and self-similar eddies typical of the flow in the logarithmic region
of a turbulent boundary layer. In the third zone, far away from the canopy, outer-layer
similarity was recovered. The importance of mixing-layer type instabilities in the second zone
was found to depend on the canopy density, with the flow at the top of the canopy becoming
more smooth-wall-like with increasing sparsity. These ideas for the limiting cases of an
extremely dense and sparse canopy are illustrated in figure 1.3. The flow within the sparsest
canopy studied by Poggi et al. (2004), however, still showed dissimilarities from smooth-wall
flows. The Reynolds shear stresses and the velocity fluctuations within this canopy were
smaller than those in the near-wall region of smooth-channels, and the mean-flow profile still
exhibited an inflection point at the canopy tips. Huang et al. (2009) conducted large-eddy
simulations of canopies with densities corresponding to those studied by the experiments of
Poggi et al. (2004), and also observed the gradual transition of the flow near the canopy top
from mixing-layer-like to smooth-wall-like with increasing canopy sparsity.
In computational studies of canopy flows, the canopy elements are usually represented
either using a homogenised approach or modelled explicitly as obstacles. Typically, canopies
are modelled using a homogeneous drag force in the momentum equations (Dupont & Brunet,
2008; Huang et al., 2009; Finnigan et al., 2009; Bailey & Stoll, 2016). This model applies
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a quadratic drag force, Cdhu|u|, where Cdh is the effective canopy drag coefficient and u
is the local velocity, homogeneously in the region below the canopy-tip plane. The canopy
drag coefficient, Cdh, can be a function of the canopy height, and also depends on the
canopy geometry and density. This approach would only be strictly valid to represent very
closely packed canopies, where the element spacing is much smaller than any lengthscale in
the overlying flow, and even small flow structures perceive the canopy elements as acting
collectively (Zampogna & Bottaro, 2016). Using a homogeneous drag to capture the effects
of sparser canopies tends to overdamp turbulent fluctuations within the canopies (Yue et al.,
2007; Bailey & Stoll, 2013). This is typically attributed to the inability of homogenised
models to capture the element-induced, dispersive flow, and the lack of representation of the
gaps between the canopy elements, where the fluctuations would not experience any damping
(Bailey & Stoll, 2013). Several studies have reported that while the dispersive component
of the flow is small for dense canopies, it can constitute more than 20% of the total stress
in sparse canopies (Poggi & Katul, 2008; Böhm et al., 2013; Harman et al., 2016). Yue
et al. (2007) and Yan et al. (2017) noted certain natural canopies, such as corn crops or tree
crowns, allow some flow to pass through them and, thus, they do not behave like conventional
bluff bodies. Yue et al. (2007) proposed that the flow in such ‘permeable’ canopies can be
represented using a local drag force of the form Cdcu|u|, applied only at the grid points
occupied by the canopy elements. Note that Cdc is a local drag coefficient, which is zero
outside the region occupied by the canopy elements. This local-drag representation has also
been used by Bailey & Stoll (2013) to represent sparse, spanwise-aligned canopies, and has
been found to provide a better representation of the flow through such canopies compared
to the homogeneous-drag model, which applies a drag at all points in the region below the
canopy tips. Most artificial canopies, however, such as high-aspect-ratio roughness and urban
canopies, are better represented as impermeable, bluff elements (Coceal et al., 2006, 2008;
Sadique et al., 2017). The element-induced flow within such bluff-body canopies is generally
quite strong, due to the eddies generated by the sharp edges of the elements (Coceal et al.,
2008). Similar to the observations over sparse canopies, mixing-layer type instabilities do not
seem to dominate the flow over large cube roughness, despite the presence of an inflection
point in the mean velocity profile (Coceal et al., 2007, 2008). Coceal et al. (2007) suggest
that this is due to the spatial inhomogeneity in the flow within such geometries, which implies
that although the spatio-temporal mean might exhibit an inflection point, it may not be
representative of the mean at different locations in the canopy.
1.2.2 Dense canopies
As mentioned previously, dense canopy flows are dominated by the presence of Kelvin–
Helmholtz-like, mixing-layer instabilities. The connection between mixing-layer and dense
canopy flows was made by Raupach et al. (1996), who noted that the inflection point at
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the top of the canopy could result in the formation of such instabilities. Since then, the
appearance of these instabilities over a wide variety of natural canopies has been observed
(Finnigan, 2000; Belcher et al., 2012; Nepf, 2012). The presence of these instabilities has
also been observed over other complex surfaces such as riblets (García-Mayoral & Jiménez,
2011) and permeable substrates (Jimenez et al., 2001; Kuwata & Suga, 2016; Rosti et al.,
2018; Gómez-de-Segura et al., 2018a; Gómez-de-Segura & García-Mayoral, 2019). Using
the same classification parameters used to define sparse canopies, dense canopies can be
defined as those with small element spacings compared to the size of the overlying turbulent
lengthscales. The turbulent eddies would then be precluded from penetrating within the
canopies, as portrayed in the schematic of figure 1.3(a), and the Reynolds shear stresses
within them would be small. Such canopies typically have large roughness frontal densities,
λf ≫ 0.1 in addition to small element spacings (Poggi et al., 2004; Huang et al., 2009;
Nepf, 2012). Kelvin–Helmholtz instabilities manifest in the flow as spanwise coherent rollers,
whose streamwise scale is determined by the shear-layer thickness (Michalke, 1972; Brown &
Roshko, 1974). Unlike free-shear flows, where the shear-layer thickness, and consequently,
the instability wavelength grows downstream, in canopy flows their growth is limited by
the canopy drag (Ghisalberti & Nepf, 2004). Therefore, a fixed instability wavelength is
observed over canopy flows, whose scale is governed by the shear-layer thickness calculated
at the canopy-tip plane, Ls = U/(dU/dy), where U is the mean velocity profile (Raupach
et al., 1996; Finnigan, 2000; Nepf, 2012). Nepf et al. (2007) demonstrated that the shear-layer
thickness in canopy flows is inversely proportional to the effective canopy drag coefficient,
implying that denser canopies would elicit instabilities with smaller wavelengths compared to
a sparser canopy. This instability is known to increase vertical momentum exchange between
the canopy and the overlying flow (Finnigan, 2000; Nepf, 2012), and can, therefore, enhance
mixing and heat transfer. In the case of flexible canopies, the passage of Kelvin–Helmholtz-like
instabilities over them can cause the coherent bending of the canopy elements, giving the
appearance of a wave passing over them. This coherent bending is referred to as honami in
terrestrial canopies (Inoue, 1955) and monami in aquatic ones (Ackerman & Okubo, 1993).
For certain canopy parameters, the element-waving and instability frequencies may also
lock-in (Ikeda & Kanazawa, 1996; Ghisalberti & Nepf, 2002; Py et al., 2006; Gosselin &
De Langre, 2009). Although the Kelvin–Helmholtz-like instability in quiescent flow remains
spanwise coherent, several studies have shown that they can be distorted by the presence of
turbulent fluctuations, and perhaps lose their spanwise coherent nature (Rogers & Moser,
1994; Raupach et al., 1996; Finnigan et al., 2009; Bailey & Stoll, 2016). As discussed in
§1.2.1, the importance of this instability reduces with increasing canopy spacing, and sparse
canopies do not exhibit a notable signature of it. It could be expected, however, that the
effect of increasing the canopy height at a fixed element spacing on the instability and the
surrounding canopy flow eventually saturates. Such an effect was noted by Sadique et al.
(2017), who examined the mean-velocity profiles in turbulent flows over high-aspect-ratio
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prismatic posts. They found that the mean-velocity profile over such geometries became
independent of the element heights at large element aspect ratios. They concluded that the
overlying flow only interacted with the region near the element tips and that the height
below this ‘active’ region was dormant, and did not have a significant effect on the overlying
flow. For their geometries, Sadique et al. (2017) observed the height of this active region
to be related to the element width. A similar observation was also made by MacDonald
et al. (2018), who performed direct numerical simulations of flows over spanwise-aligned bars.
They found that the gap between the bars was the relevant lengthscale for the overlying
flow. Increasing the height of the bars beyond a certain height-to-gap ratio did not affect
the overlying flow, or cause an increase in the drag produced by them. This saturation can
be attributed to the sheltering effect of the preceding bar or roughness element on the fluid
region ahead of it (Grimmond & Oke, 1999; Jiménez, 2004; Yang et al., 2016). The flow
overlying such geometries would then skim over the obstacles without interacting with their
full height.
1.3 Linear stability analysis of canopy flows
In this section, we discuss studies that perform a stability analysis to capture the Kelvin–
Helmholtz-like instability over dense canopies. This instability is a linear, inviscid phenomenon
originating from the inflection point in the mean-flow (Michalke, 1972; Brown & Roshko,
1974). Several studies have shown that this instability can be captured by a mean-flow linear
stability analysis (Raupach et al., 1996; White & Nepf, 2007; Singh et al., 2016; Zampogna
et al., 2016; Luminari et al., 2016). The study by Raupach et al. (1996) that originally
made the connection between canopy and mixing-layer flows used a hyperbolic tangent
profile to perform this analysis, illustrated in figure 1.4(b). They showed that even though
this instability was modified through non-linear interactions with the ambient turbulent
fluctuations after its inception, the stability analysis was still able to provide an estimate
of the scale of the instability. Raupach et al. (1996) showed that similar to free-shear flows,
the streamwise wavelength of the instability was given by the shear length, Ls = U/(dU/dy),
calculated at the canopy-tip plane. As discussed previously, the study by Ghisalberti & Nepf
(2004) made a distinction between canopy- and free-shear layers, in the sense that while
free-shear layers continued to grow downstream, the thickness of the canopy-shear layer was
bounded by the canopy drag. White & Nepf (2007) examined the stability of flows adjacent
to an array of submerged cylindrical elements, with the ends of the elements protruding above
the water. They showed that while the instability could be enhanced by a large difference
in the canopy drag compared to the wall shear stress, too large a canopy drag could also
inhibit the instability by damping the fluctuations within the canopy. White & Nepf (2007)
also suggested that the wavelength of the instability depended on the shear-layer thickness
associated with the boundary layer which forms outside the canopy. The full shear layer
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thickness in canopy flows would, therefore, have a component above and below the canopy-tip
plane, and while the latter was set by the canopy drag, the former would be a property of
the boundary layer above the canopy. Shear layers in canopy flows, therefore, could have
asymmetric contributions from the regions above and below the canopy-tip plane, different
from the conventional piecewise-linear or hyperbolic tangent profiles conventionally used to
study canopy flow stability, as illustrated in figure 1.4. More recently, Singh et al. (2016)
have re-examined the stability of dense, aquatic canopies. They represented the canopies as
a homogeneous drag force in the Navier-Stokes equations. The drag term was proportional
to the square of the mean velocity, with the canopy drag coefficient assumed to be constant
across the canopy height. The base flow was obtained by solving the averaged momentum
equations, ignoring the effect of the Reynolds shear stresses. As a result, the flow above
the canopy had a parabolic profile. Singh et al. (2016) observed that two instability modes
existed in dense canopy flows. The first was the Kelvin–Helmholtz-like instability, and the
other, a secondary instability originating from an interaction between the canopy drag and
the overlying flow. The two instability modes were found to be identical for low values of
canopy drag, but several differences were observed for canopies with large drag. While the
Kelvin–Helmholtz mode was governed by the shear at the canopy-tip plane and remained
localised to this region, the secondary instability depended on the magnitude of the canopy
drag and spanned the entire width of the channel. Zampogna et al. (2016) proposed an
alternative to the drag model to study the canopy flow instability. They modelled the flow
within the canopy as a permeable substrate governed by Darcy’s equation (Darcy, 1856)
νK−1u = −∇p (1.1)
where K−1 is the inverse permeability tensor, which can be used to account for the canopy
anisotropy, u is the velocity vector, and p is the pressure. The flow within the canopy
is solved analytically, and the solution is used as a boundary condition for the overlying
flow. Zampogna et al. (2016) observed that this model could provide better estimates for
the instability wavelength and amplification for aquatic canopy flows than representing
the canopy as a drag force. Their analysis, however, represents the effect of turbulence
on the mean flow using a constant eddy viscosity above the canopy, which may not be
the case for turbulent channel flow. Abderrahaman-Elena & García-Mayoral (2017) also
considered the stability of turbulent flows over anisotropic permeable substrates governed by
Darcy’s equation. They considered two kinds of base flows above the permeable substrate,
a piecewise linear profile, similar to the one shown in figure 1.4(a), and turbulent channel
flow. They showed that the instability within such substrates was essentially governed by a
single parameter, the geometric mean of the streamwise and wall-normal permeabilities. The
use of Darcy’s equation to model the flow within the permeable substrate, however, implies
that the region of high shear within the canopy near the canopy free-flow interface could
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FIGURE 1.4 Velocity profiles used for studying canopy flow stability. (a) Piecewise-linear
profile, (b) hyperbolic-tangent profile, and (c) schematic of mean velocity profile of turbulent
flow over a dense canopy. The shaded region marks the approximate thickness of the shear
layer and the dashed horizontal line marks the notional location of the canopy tips.
not be captured. In the present work we extend the analysis of Abderrahaman-Elena &
García-Mayoral (2017) to include the effect of this high shear region by employing Brinkman’s
equation (Brinkman, 1949) to model the flow within the canopy
ν˜∇2u− νK−1 −∇p = 0, (1.2)
where ν˜ is the macroscale viscosity which depends on the geometry of the permeable substrate.
This parameter determines how well the shear in the overlying flow can be transferred to the
fluid within the permeable substrate (Abderrahaman-Elena & García-Mayoral, 2017; Gómez-
de-Segura & García-Mayoral, 2019). For fibres aligned perpendicular to the flow, we can expect
the flow within and above the substrate to be well connected and therefore communicate
the shear across the interface efficiently. For such geometries, ν˜ can be approximated as
the molecular viscosity, ν (Lévy, 1983; Auriault, 2009). The height of the high shear region,
or the shear length, below the canopy interface, or the ‘Brinkman boundary layer’, in this
case, is determined by the square root of the streamwise permeability,
√
Kx (Saffman, 1971;
Battiato, 2012). Abderrahaman-Elena & García-Mayoral (2017) also noted that the shear
layer thickness above the permeable substrate was governed by the turbulent mean velocity
profile, consistent with the observation of White & Nepf (2007). Abderrahaman-Elena &
García-Mayoral (2017) found that this thickness was given by the height above the substrate
at which the mean vorticity gradient concentrates. They observed that for the turbulent
smooth-channel flow they used as their base profile this height scaled in inner units, and
had a value of y+c ≈ 7. A similar observation was also made by García-Mayoral & Jiménez
(2011), who performed a stability analysis of turbulent flows over riblets, which also elicit
Kelvin–Helmholtz-like instabilities.
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The studies of Py et al. (2006) and, more recently, Wong et al. (2019) have also explored
how the waving of flexible canopy elements affects the instability. Py et al. (2006) showed
through their stability analysis that it was possible for the waving frequency of the canopy
elements to lock in with the frequency of the instability, leading to more intense canopy
waving. However, Dupont et al. (2010) performed a large eddy simulation of the domain
studied by Py et al. (2006) and did not observe the predicted lock-in phenomenon. They
concluded that the distortion of the instability by the ambient turbulence was the likely
reason for the element waving not locking-in with the instability. Wong et al. (2019), in
addition, showed that canopies with highly flexible elements could also inhibit the instability.
In the present study, however, we only analyse the flow over rigid canopies.
Similar to the studies of Jimenez et al. (2001), Dupont et al. (2010), García-Mayoral &
Jiménez (2011), Abderrahaman-Elena & García-Mayoral (2017) and Gómez-de-Segura &
García-Mayoral (2019), we perform a linear stability analysis around a turbulent mean flow to
capture the Kelvin–Helmholtz-like instabilities associated with dense canopy flows. Although
these studies have shown that such an analysis is able to capture the Kelvin–Helmholtz-like
instability observed in turbulent flows over a variety of complex surfaces, the validity of
such an analysis has still not been formalised. The main issue with performing a mean flow
stability analysis on a turbulent flow is that due to its unsteady nature, the spatio-temporal
mean of the flow may not be representative of the velocity profile at a given instance in
time. The studies of Turton et al. (2015) and Beneddine et al. (2016) have shown that such
an analysis can yield meaningful results under certain conditions. Beneddine et al. (2016)
conclude that a mean flow stability analysis can be used to capture instabilities in a turbulent
flow as long as the instabilities are convective, and there is sufficient separation of scales
between the energetic turbulent fluctuations and the instability. We observe in the present
work, that in agreement with the results of the aforementioned studies, some features of the
Kelvin–Helmholtz-like instability in turbulent flows over dense canopies can be captured by
such an analysis.
1.4 Aims and organisation of the thesis
The aim of this thesis is to analyse turbulent flows over canopies in different regimes. To
this effect we simulate the flow over canopies with different element geometries, spacings and
heights using direct numerical simulation. The conducted simulations can be divided into two,
those of sparse canopies and those of dense canopies. For sparse canopies, we place particular
emphasis on the scaling of the turbulence fluctuations within the canopy. In dense canopy
flows, we examine how the canopy parameters affect the Kelvin–Helmholtz-like instability
over them.
This thesis is composed of six chapters, including the current, introductory chapter. The
organisation and content of the remaining chapters is summarised below.
1.4 Aims and organisation of the thesis 13
In chapter 2, we discuss the numerical method used. The methodology employed to
integrate the Navier-Stokes equations is briefly discussed, followed by a description of the
different methods used to represent the canopy elements in the flow. The validation studies
for the numerical method are also presented.
In chapter 3, we discuss the results from the sparse canopy simulations. The sparse
canopies considered have low roughness frontal densities, λf ≲ 0.1, and element spacings
larger than the typical scales of near-wall turbulent structures such as streaks. This ensures
that the canopy is sparse from the point of view of the turbulent eddies, so they should
penetrate the full height of the canopy. Canopies with different geometries and spacings
are considered. Following the observations of Poggi et al. (2004) and Coceal et al. (2008),
we expect the flow within such canopies to have a strong footprint of the element induced
flow, rather that of the Kelvin–Helmholtz-like instability. We separate the effect of the
element-induced coherent flow from the incoherent background turbulence and focus mainly
on the properties of the latter. A scaling based on the local sum of the viscous and Reynolds
shear stresses at each height within the canopy is proposed. While Poggi et al. (2004) have
shown that the flow near the top of such canopies can be smooth-wall-like, in the proposed
scaling the background-turbulence fluctuations within the canopy also show similarities to
those of smooth-wall flows. The suggests that the sparse canopies affect the background
turbulence through a change in its local scale rather than by the direct interaction of the
canopy elements with the fluctuations. We show that this effect can be captured better by a
drag applied on the mean-flow alone rather than a conventional homogeneous drag. Chapter 3
is divided into two major parts, the first half discusses the results from the resolved canopy
simulations and introduces the local scaling and the second half presents the results from the
homogeneous and mean-only drag simulations.
In chapter 4, we present the results from DNS of flows over dense canopies composed of
rigid, prismatic filaments. These canopies have small element spacings and large height-to-
spacing ratios. The spacings range from s+ ≈ 2.6 to 48 for the densest and sparsest canopy
geometries considered, respectively. We assess the effect of the element height and spacing
on the turbulent fluctuations within the canopies and above them. The canopy elements are
represented in the flow as solid, impermeable obstacles. The canopy geometries considered
here are dense enough to trigger the Kelvin–Helmholtz-like instabilities discussed earlier in
this section. We also study the effect of varying the canopy parameters on this instability.
The underlying objective behind this study is to explore whether such canopies can be tuned
to maximise or minimise the intensity of the Kelvin–Helmholtz-like instabilities over them.
Canopy parameters that elicit strong instabilities could be used to optimise or design heat
exchangers or devices for energy harvesting. The chapter is also divided into two parts, the
first detailing the effect of the canopy parameters on the overlying turbulent fluctuations and
the second, their effect on the Kelvin–Helmholtz-like instability.
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In chapter 5, we propose two a priori methods based on linear stability analysis to
characterise the Kelvin–Helmholtz-like instability in dense canopy flows. The first represents
the canopy as an anisotropic permeable substrate governed by Brinkman’s equation. This
is a continuation of the work of Abderrahaman-Elena & García-Mayoral (2017), who used
Darcy’s equation to model the flow within the substrate. The second model represents the
canopy as a drag force in the momentum equations, similar to Singh et al. (2016). However,
unlike Singh et al. (2016), who assumed the flow overlying the canopies to be laminar, we
analyse the stability of turbulent channel flows. Both these models are used to investigate the
canopy parameters that affect the formation of the Kelvin–Helmholtz-like instability. In the
final part of this chapter, we analyse the stability of the mean velocity profiles obtained from
the DNS of dense canopy flows which are discussed in chapter 4. We compare the predictions
of the stability analysis with the instabilities observed in the DNSs. Finally, we also compare
the results from the analysis of the DNS mean profiles with the analysis of corresponding
profiles synthesised using the drag-force model.
In the final chapter, we present the conclusions of the present work and potential avenues
for future work.
Chapter 2
Numerical method
This chapter discusses the numerical methods used in the present study. The code used to
perform the DNSs has been adapted from García-Mayoral & Jiménez (2011) and Fairhall
& García-Mayoral (2018), and was originally developed to study flows over riblets and
superhydrophobic surfaces. This code is briefly described here, followed by the details of the
immersed-boundary method used to represent impermeable canopy elements in the flow. The
validation of the proposed immersed-boundary method is then presented. In the final part of
the chapter, the details and implementation of drag-force models that are used in the study
regarding sparse canopy flows are discussed.
Flows in either open or symmetric channels are studied, which are governed by the
three-dimensional, incompressible Navier-Stokes and continuity equations
∂u
∂t
+ u ·∇u = −∇p+ 1
Re
∇2u, (2.1)
∇ · u = 0, (2.2)
where u is the velocity vector, p is the kinematic pressure, and Re = Ubδ/ν is the Reynolds
number based on the bulk velocity, Ub, the channel half-height, δ, and the kinematic viscosity,
ν. The velocity vector, u, has the components u, v and w in the streamwise, wall-normal
and spanwise directions, respectively, with the associated axes being, x, y and z, respectively.
Note that we only consider incompressible flows where the density of the fluid remains
constant and is set to ρ = 1.
2.1 Temporal discretisation
The temporal discretisation is carried out using a Runge–Kutta method, with each time step,
n, divided into three substeps, denoted by k. Within each Runge–Kutta substep, the viscous
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k = 1 k = 2 k = 3
αk 4/15 1/15 1/6
βk 4/15 1/15 1/6
γk 8/15 5/12 3/4
ζk 0 −17/60 −5/12
Table 2.1 The coefficients for the three Runge–Kutta substeps from Le & Moin (1991) used
in the present work.
terms are treated semi-implicitly, and the advective terms are treated explicitly[
I−∆t βk
Re
L
]
unk = unk−1 +∆t
[
αk
Re
Lunk−1 − γkN(unk−1)−
ζkN(unk−2)− (αk + βk)G(pnk)
]
, k ∈ [1, 3], (2.3)
Dunk = 0, (2.4)
where I is the identity matrix and L, D and G are the discretised Laplacian, divergence and
gradient operators respectively. N is the dealiased advective term. ∆t is the timestep, and
αk, βk, γk and ζk are the Runge–Kutta coefficients for substep k. A fractional-step, pressure
correction method is used to decouple the velocity and the pressure (Kim & Moin, 1985;
Perot, 1993). An intermediate velocity, u∗, is first obtained, which does not satisfy continuity.
This velocity is used to obtain the pressure field for the subsequent substep which would be
required for the velocity field to be divergence free. The obtained pressure is then used to
obtain the corrected, divergence-free velocity field[
I−∆t βk
Re
L
]
u∗ = unk−1 +∆t
[
αk
Re
Lunk−1 − γkN(unk−1)−
ζkN(unk−2)− (αk + βk)G(pnk)
]
, k ∈ [1, 3], (2.5)
DG(ϕnk) =
1
(αk + βk)∆t
D(u∗), (2.6)
unk+1 = u∗ − (αk + βk)∆tG(ϕnk), (2.7)
pnk+1 = pnk + ϕnk . (2.8)
Simens (2008) showed that solving the equations for the pressure difference, ϕnk = pnk+1 − pnk ,
provides second-order accuracy for the velocities in time, compared to the first-order accuracy
obtained by solving for the pressure directly. The variables of the subsequent timestep, n+1,
are obtained at the final Runge–Kutta substep, k = 3. The Runge–Kutta coefficients used
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are from Le & Moin (1991), and are listed in table 2.1. The timestep, ∆t, is adjusted to
maintain the viscous and advective CFL numbers below 2.5 and 0.7, respectively. Further
details about this implementation can be found in Fairhall & García-Mayoral (2018) and
Fairhall (2018).
2.2 Spatial discretisation
The channels considered in the current study are periodic in x and z and a Fourier spectral
discretisation is used in these directions. This method provides a much higher accuracy
in calculating the derivatives when using a given number of grid points compared to finite
difference methods (Canuto et al., 2012). The spectral resolutions required to resolve the
relevant turbulent scales in a smooth channel are ∆x+ ≲ 8 and ∆z+ ≲ 4 (Jiménez & Moin,
1991; Moin & Mahesh, 1998). When simulating flows over rough surfaces, however, resolving
the flow induced by the roughness elements may require a higher resolution than that required
to resolve the turbulent scales. In order to reduce the computational cost associated with
resolving the canopy elements, the code utilises a multi-block approach. The simulation
domain is split into three blocks, and the wall-parallel resolutions of each block can be varied
(García-Mayoral & Jiménez, 2011). In a symmetric channel, with canopy elements on both
walls, the blocks which include the canopy elements and the roughness sublayer have a finer
resolution than the central, coarse block, which retains the smooth-channel resolution given
above. The resolution of the fine blocks depends on the size of the canopy elements simulated.
The height of the blocks is set far enough away from the canopy tips, beyond the height
where the element-induced flow has decayed to zero. Whether the height of the fine blocks
is sufficiently far away from the canopy tips is verified a posteriori. Further details about
the implementation of the multi-block technique can be found in García-Mayoral (2011),
Abderrahaman-Elena (2018) and Fairhall (2018).
The use of a spectral discretisation simplifies the calculation of the wall-parallel deriva-
tives in the governing equations. In Fourier space, the derivatives of a function can be
expressed as the product of the function with a wavenumber. For example, for a given
streamwise wavenumber, α, the derivative of a function f(x) would be ∂f̂(α)/dx = iαf̂(α),
where (̂·) denotes variables in Fourier space. The differentiation matrices resulting from a
spectral discretisation scheme are purely diagonal, with off-diagonal terms introduced by the
discretisation scheme used in the wall-normal direction. In the present work, we use a second-
order, centred finite difference scheme for the wall-normal direction, which overall, results
in a tridiagonal matrix for the Laplacian operator in equation (2.5). Solving a tridiagonal
system of equations can be performed very efficiently using Thomas’ algorithm which only
requires O(N) operations, where N is the number of Fourier modes, thereby significantly
reducing the computational costs. The calculation of the non-linear products in Fourier space
involves a convolution, which is an O(N2) operation. In order to circumvent calculating this
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convolution, we calculate the non-linear products in physical space, which involves O(N)
operations, using the 2/3 rule for de-aliasing (Canuto et al., 2012). In this process, there
is an overhead of transforming the variables from Fourier to physical space and back again.
A Fast Fourier Transform is used to perform these operations, which involves O(N log2N)
operations (Cooley & Tukey, 1965). The overall cost of calculating the non-linear products
in physical space still reduces the computational cost significantly compared to calculating
the convolution.
As mentioned previously, a second-order, centred finite difference scheme is used to
discretise the wall-normal direction. In order to deal with the large gradients in the flow
near the wall or the canopy tips we employ a stretched grid. In sparse canopy flows, where
the shear at the base of the canopies is high, we employ a grid which has a high resolution,
∆y+ ≈ 0.2, at the canopy base and gradually coarsens near the centre of the channel to
∆y+ ≈ 2. The stretching function is a fifth-order polynomial, also used by García-Mayoral &
Jiménez (2011), Abderrahaman-Elena et al. (2019) and Fairhall et al. (2019)
y(j) = a1(j −N/2)5 + a2(j −N/2); j ∈ [0, N ], (2.9)
where y is the wall-normal coordinate, N is the total number of grid points in the wall-normal
direction, and a1 and a2 are constants that determine the size of the channel and the variation
in the grid resolution across the channel.
In dense canopies, turbulent fluctuations do not penetrate much within the canopy, and
the shear is largest at the canopy tips. In these cases, the resolution near the tips is maintained
around ∆y+ ≈ 0.33, and gradually increased both above and below the tips. The resolution
at the centre of the channel is kept at ∆y+ ≈ 3.3. The resolution at the bottom of the canopy,
where the flow is quiescent, is at maximum ∆y+ ≈ 4 for the tallest canopy considered. The
grid composed of two polynomial functions, one in the channel centre, and the other within
the canopies, which join smoothly at the canopy tips
y(j) = a1(j −N/2)5 + a2(j −N/2)3 + a3(j −N/2); j ∈ [0, N ], (2.10)
y(j) = b1j3 + b2j − 1; j ∈ [−Nc, 0), (2.11)
y(j) = b1(j −N)3 + b2(j −N) + 1; j ∈ (N,N +Nc], (2.12)
where y is the wall-normal coordinate, N is the number grid points between the canopy-tip
planes, Nc is the number of points within the canopy elements, and ai and bi determine the
size of the channels and the variation in the grid resolution across it. The wall-normal grid
used, and the variation of the grid resolution with the channel height for the tallest dense
canopy case are portrayed in figure 2.1, for reference.
When using a finite difference scheme, a convenient option is to store the velocities and
the pressure at the same grid points, that is, using a ‘collocated’ grid. Using such a grid while
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FIGURE 2.1 An example of the wall normal grid used for the dense canopy simulations. (a)
shows the variation of the wall-normal coordinate with an equispaced auxiliary variable, j,
and (b) shows the variation in the grid resolution with j. The dashed lines mark the location
of the canopy-tip planes. Note that canopy elements extend below y = −1 and above y = 1.
also employing a second-order, centred finite difference scheme, however, can lead to the
‘chequerboard’ problem when solving the Poisson equation for the pressure, equation (2.6)
(Ferziger & Peric, 2012). This occurs if the divergence of the gradient of pressure at any point
j, depends on the values of the pressure at j and two grid points away from it, j−2 and j+2,
rather than the adjacent ones. This can lead to two decoupled pressure fields that exist on
alternating grid points. There are several strategies to mitigate this effect. García-Mayoral
& Jiménez (2011) and Abderrahaman-Elena et al. (2019), for example, use a collocated grid
with weakly-enforced continuity (Nordström et al., 2007). In the present code, this issue
was dealt with by using a staggered grid, implemented by Fairhall & García-Mayoral (2018),
where the pressure and velocity grid points are offset by half a grid spacing, and values of
pressure at the adjacent grid points are used when calculating the divergence of its gradient in
equation (2.6). The grid is only staggered in the wall-normal direction, as a Fourier spectral
discretisation is used in the wall-parallel directions.
2.3 Immersed-boundary method
In this section, the details of the immersed boundary method used to represent the canopy
element geometries in the flow are discussed. The method of immersed boundaries is used
over other methods, such as fitted grids, as it allows us to retain a uniform, cartesian grid in
the wall-parallel directions, and thus also retain the Fourier spectral discretisation. In the
code used here, a modified version of the immersed boundary algorithm proposed by García-
Mayoral & Jiménez (2011) is used. The algorithm of García-Mayoral & Jiménez (2011) was
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based on a direct-forcing approach, which applies a body force within the immersed-boundary
points to drive the velocity at these points to zero (Mittal & Iaccarino, 2005). The condition
to implement at the points within the canopy elements is
un+1 − un
∆t =
−un
∆t (2.13)
Following García-Mayoral & Jiménez (2011), this condition can be approximated by modifying
the right-hand-side of equation (2.5)[
I−∆t βk
Re
L
]
unk = −∆t
βk
Re
Lunk−1. (2.14)
In the present work, a modification of this implementation is proposed, which offers an
improvement in the accuracy for the velocities within the immersed boundary regions. This
implementation is summarised below. The Laplacian operator on the left-hand-side of
equation (2.5) is first split into its wall-parallel and wall-normal components following Kim
& Moin (1985) [
I−∆t βk
Re
L
]
u ≈
[
I−∆t βk
Re
Lxz
] [
I−∆t βk
Re
Ly
]
u, (2.15)
where Lxz includes the wall-parallel components of L, and Ly the wall-normal one. Splitting
the Laplacian in this manner still retains the second-order temporal accuracy of the code
(Kim & Moin, 1985). Equation (2.5) can then be written as
[
I−∆t βk
Re
Ly
]
u =
[
I−∆t βk
Re
Lxz
]−1
RHS. (2.16)
The right-hand-side of equation (2.16) is then transformed to physical space, and modified to
satisfy the following conditions within the immersed boundary points
[
I−∆t βk
Re
Ly
]
unk =
 −∆t
βk
ReLyunk−1, y = yinterface
0, y ̸= yinterface.
(2.17)
where yinterface denotes any wall-normal plane where the solid geometry being represented
has an interface with the fluid region. These interface planes for the two element geometries,
a prismatic post and a ‘T’-shaped geometry, are illustrated in figure 2.2. At the interfaces,
the condition imposed by equation (2.17) yields unk = O(∆t2), which is of the order of the
temporal discretisation error of the code. As a staggered grid is used, the wall-normal grid
points for the streamwise velocities are offset by half a grid spacing from those of the wall-
normal velocity. The element tips are aligned with the grid for the streamwise velocity. For
the wall-normal velocity, the interface condition is set at the last wall-normal grid point within
the element, which, through continuity, yields near-zero wall-normal velocity at the element
tips. Away from the interfaces, within the immersed boundary region, the condition set by
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FIGURE 2.2 Schematic representation of ‘T’-shaped and prismatic-post canopy element
geometries, with the location of the wall-normal solid-fluid interfaces marked.
equation (2.17) results in an exponential decay of the velocity in the wall-normal direction.
To illustrate this decay, the results from a simple, one-dimensional implementation of this
algorithm are shown in figure 2.3. The velocity is assumed to vary only in the wall-normal
direction, and two geometries are considered. The first is analogous to a one-dimensional cut
through the middle of either of the geometries shown in figure 2.2. The second geometry
is analogous to taking a cut through the overhang regions of the ‘T’-shaped elements. For
these test cases, random initial conditions are used to mimic turbulent fluctuations in the
flow. The velocity fields obtained for these cases, after one timestep, using the immersed
boundary conditions of equation (2.17) are compared to those obtained using equation (2.14)
in figure 2.3. Although both algorithms result in small velocities within the solid regions, the
implementation proposed here results in a smoother decay of the velocity within the solid. In
the DNS code, however, the velocity correction step introduces an error of order ∆t2 in all
the immersed boundary points. Even so, in experience it was observed that the proposed
algorithm is a more stable numerical implementation of the immersed boundaries compared
to the one proposed by García-Mayoral & Jiménez (2011). This is likely due to the present
method not generating sharp gradients in the velocity field within the solid obstacles at the
pressure calculation step (see equation 2.6). The velocity within the canopy elements, or
the permeability error, in the DNSs is observed to be less than 0.1uτ , for all the conducted
simulations. Randomly selected instantaneous velocity fields from one of the simulations
are portrayed in figure 2.4 to illustrate the permeability error. It can also be noted from
figure 2.4 that the velocity within the canopy elements is much smaller than the velocity in
the surrounding region.
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FIGURE 2.3 Velocity profiles obtained using the two immersed boundary algorithms described
in §2.3, after one time step, starting from random initial conditions. (a,b,e,f) show results
obtained from algorithm proposed here, given by equation (2.17), and (c,d,g,h) those from
using equation (2.14). The shaded regions mark the location of the solid obstacles. The
same data is plotted in the left and right columns, except that the right column portrays the
velocities in a logarithmic scale.
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FIGURE 2.4 Instantaneous realisations of the (a) streamwise, (b) wall-normal and (c) spanwise
velocities in a plane passing through the middle of the canopy elements, scaled with the
friction velocity.
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FIGURE 2.5 Rms velocity fluctuations, mean velocity and Reynolds shear stress profiles. The
solid lines represent the results obtained from the present code, and the + symbols represent
the data from Abderrahaman-Elena et al. (2019).
2.4 Validation
The numerical method used in the code, summarised in sections 2.1 and 2.2 has been validated
by Fairhall & García-Mayoral (2018) and Fairhall et al. (2019). From the implementation of
Fairhall & García-Mayoral (2018), only the immersed boundary algorithm has been added to
the code. In order to validate the implementation of the immersed boundaries, we replicate
the flow over the collocated roughness elements with height h+ ≈ 12 of Abderrahaman-
Elena et al. (2019). The mean velocity profiles, rms fluctuations and the Reynolds shear
stresses obtained from the present simulations show good agreement with the results of
Abderrahaman-Elena et al. (2019), as shown in figure 2.5.
2.4.1 Grid independence
In the dense canopy simulations, the resolution requirements to adequately represent the
coherent flow induced by the canopy elements is far more stringent than that required to
resolve the turbulent scales. In order to determine the optimum resolution required to
effectively represent the element induced flow, a grid independence study is conducted. Dense
canopies with two plan-area ratios, λp, which is the ratio of the plan view area of the canopies
to that of the full domain, are considered. For the representative canopy with λp = 1/4,
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FIGURE 2.6 Rms velocity fluctuations and Reynolds shear stress profiles. The panels first
column represent case G100 and those in the second column represent case S48. The solid
lines in (a,c,e,g) represent the results from using 27 points per spacing; the symbols , 18
points; and +, 9 points per spacing. The solid lines in (b,d,f ,h) represent the results from
using 36 points per spacing; the symbols , 24 points; and +, 12 points per spacing.
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resolutions per element spacing of 12, 24 and 36 points are considered. For the canopy
with λp ≈ 1/20, resolutions per element spacing of 9, 18 and 27 points are considered. The
rms velocity fluctuations obtained from these simulations are portrayed in figure 2.6. The
simulation results are grid independent at a resolution of 24 points per element spacing for
the geometry with λp = 1/4, and 18 points per spacing for the geometry with λp ≈ 1/20.
The simulations with 9 and 12 points per spacing tend to under-predict the fluctuations
within the canopies, with the maximum deviation observed in the wall-normal fluctuations of
20%. This difference reduces to 4% outside the canopy. These resolutions are only used for
the densest canopy cases, where the fluctuations within the canopy are already very small
and therefore, higher resolution simulations would not change the trends observed.
2.5 Drag-force methods
In the work concerning sparse canopies, in addition to representing the canopies using the
immersed boundary method described in §2.3, some additional simulations are conducted
where the canopy elements are modelled by a drag term which is a function of the local or
mean velocity. There are two main types of drag-force simulations conducted, one where the
drag is applied only within the region occupied by the canopy elements, and the other where
the drag is applied homogeneously below the canopy-tip plane. We describe these models
and their implementation in the DNS code here.
2.5.1 Representing permeable canopy elements
Certain natural canopies such as bushes or tree crowns allow some flow can pass through
them, and a conventional immersed-boundary method may not provide a good representation
for them. These permeable canopy elements can be better represented by applying a drag
force in the region occupied by the canopy elements which does not enforce zero velocity
within them (Yue et al., 2007; Bailey & Stoll, 2013; Yan et al., 2017). Such canopies are
represented by including a drag force term, D, in the Navier-Stokes equations
∂u
∂t
+ u ·∇u = −∇p+ 1
Re
∇2u−D (2.18)
In discretised form, this equation can be written as[
I−∆t βk
Re
L
]
unk = unk−1 +∆t
[
αk
Re
Lunk−1 − γk[N(unk−1) +Dnk−1]−
ζk[N(unk−2) +Dnk−2]− (αk + βk)G(pnk)
]
, k ∈ [1, 3] (2.19)
The drag force is applied only at the grid points that are within the canopy elements
and is of the form D = Cdcui|ui|, similar to Yue et al. (2007), Bailey & Stoll (2013) and
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FIGURE 2.7 Instantaneous realisations of the (a) streamwise, (b) wall-normal and (c) spanwise
velocities in a plane passing through the middle of the permeable canopy elements, scaled
with the friction velocity.
Yan et al. (2017), where Cdc is a drag coefficient non-zero only for the grid points coincident
with the canopy geometry, and ui is the instantaneous local velocity in every i direction.
Cdc is set such that further increasing its magnitude does not significantly increase the net
drag force on the mean flow. This forcing provides a local body force opposing the flow
inside the canopy elements and thus obstructs the flow within the canopy elements. Even
so, the velocity of flow within the canopy elements can be up to 1–2uτ , which is an order
of magnitude larger than those within elements represented using the immersed boundary
method. The flow velocities within the elements are illustrated in figure 2.7. With regard to
the implementation of this drag in the code, the drag term is treated explicitly and calculated
in physical space, similar to the non-linear products.
2.5.2 Homogenised-drag models
In order to explore the canopy-flow dynamics, some simulations are conducted where the
canopy elements are replaced by a drag force applied homogeneously below the canopy-tip
plane, and the shape of the canopy elements in the flow is not resolved. The first drag-force
representation considered is a conventional, homogeneous drag model. In this case, the drag
force in equation (2.18) is set to be of the form D = Cdhui|ui|, where Cdh is a homogenised
canopy drag coefficient which varies only in y. This drag force is applied homogeneously at
all points below the canopy tips on all three velocity components. The method for obtaining
Cdh is outlined in chapter 3. Although this drag is homogeneous, it is still calculated in
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physical space as it too would be a convolution in Fourier space similar to the non-linear
terms.
In addition, a drag force which only acts on the mean flow, and not the fluctuations is
also considered. In this case, the drag applied is of the form D = CdhU |U |, where U(y) is
mean in x and z of the streamwise velocity at any given timestep. While the drag used in
the homogeneous-drag model, described in the previous paragraph, varies along any given
wall-parallel plane depending on the local velocity, in the mean-only drag representation,
the drag force is homogeneous along any given wall-parallel plane, as it depends only on the
mean velocity and the drag coefficient at that height. In addition, as a statistically significant
mean flow only exists in the streamwise direction in conventional channel flows, this drag is
applied on the streamwise flow alone. This forcing is very simple to implement in the present
code, where Fourier spectral discretisation is used for the wall-parallel directions. As all the
Fourier modes are decoupled, the drag is simply calculated using and applied to the mean or
zero-mode alone, leaving the other modes undisturbed.
Chapter 3
Turbulent flows over sparse
canopies
In this chapter, we discuss the results obtained from direct numerical simulations of flows over
sparse canopies. The canopies studied have equally spaced elements in the streamwise and
spanwise directions, with spacings s+ ≳ 100. The canopies also have low roughness frontal
densities, λf ≲ 0.1. The effect of the canopies on the flow both within and above the canopies
is investigated. The domain considered, the canopy geometries studied and the simulations
conducted are summarised in §3.1. The contribution of the flow induced by the presence of
the canopy elements, referred to as the element-induced flow, is separated from the full flow.
The remaining flow is termed the background-turbulence flow. For the background turbulence,
the balance between the viscous and Reynolds shear stresses within the canopies is found
to be similar to that over a smooth wall. Based on this, a new scaling based on the local
sum of the Reynolds and viscous shear stresses at every height, τf , is proposed. In this local
scaling, we observe that even the background-turbulence fluctuations show some similarities to
smooth-wall flows. This scaling and the effect of the canopies on the surrounding turbulence
are discussed in §3.2. The results suggest that the major effect of the canopies on the
background turbulence is through a change in scale for the fluctuations, and that this scale is
set by τf . In order to further investigate the canopy-flow dynamics, we also conduct some
simulations where the canopy elements are substituted by a drag force. These simulations fall
into two major categories, one where a homogenised drag force is used, which damps all the
scales in the canopy region, and the other where the drag is only applied on the mean-flow
alone and does not affect the fluctuations directly. Using these simulations, we show that τf ,
and consequently the background-turbulence fluctuations, can be captured by applying a
drag on the mean-flow alone and not the fluctuations. These simulations provide support to
the idea that a sparse canopy acts on the background turbulence mainly through a change it
induces on the mean flow, which in turn determines τf . We also explore two modifications
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FIGURE 3.1 Schematic of the numerical domain. An instantaneous field of the fluctuating
streamwise velocity from case TP1 is shown in three orthogonal planes.
of the mean-only drag. The first distributes this drag in a low-order representation of the
canopies to capture a part of the element-induced flow. The second prescribes a mean velocity
profile from a resolved canopy simulation and obtains the mean-only drag required to obtain
this profile a posteriori. The results from these drag-force simulations are discussed in §3.3.
3.1 Numerical simulations
We conduct direct numerical simulations of an open channel with canopy elements protruding
from the wall. The size of the simulation domain is 2πδ × δ × πδ, with the channel height
δ = 1. This box size has been shown to be adequate to capture one-point statistics up to the
channel height for the friction Reynolds numbers used in the present study (Lozano-Durán
& Jiménez, 2014). A schematic representation of the numerical domain is shown in figure
3.1. The domain is periodic in the x and z directions. No-slip and impermeability conditions
are applied at the bottom boundary, y = 0, and free slip and impermeability at the top,
y = δ. It is shown in §3.2 that the height of the roughness sublayer for the canopies studied
here extends to only half of the domain height, so the top boundary of the channel does not
interfere with the canopy flow. As mentioned in chapter 2, the flow is incompressible with the
density set to unity. All simulations are run at a constant mass flow rate, with the viscosity
adjusted to obtain a friction Reynolds number based on the total stress Reτ = uτδ/ν ≈ 520.
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Case Nx ×Nz uτ Reτ s+ λf
∫
D+ ∆x+ ∆z+
Smooth S – 0.055 538.8 – – – 8.8 4.4
P0 32×16 0.182 532.5 104 0.22 0.94 4.36 4.36
P0-H – 0.203 594.2 – – 0.93 9.72 4.86
P0-H0 – 0.227 549.4 – – 0.90 8.99 4.49
Impermeable
prismatic P1 16×8 0.138 520.3 204 0.05 0.79 4.26 4.26
elements P1-H0 – 0.147 553.8 – – 0.80 9.06 4.53
P2 8×4 0.093 529.4 416 0.01 0.57 4.33 4.33
P2-H0 – 0.092 522.9 – – 0.57 8.55 4.28
T1 16×8 0.133 505.6 199 0.07 0.80 4.14 4.14
Impermeable
T1-H – 0.160 503.3 – – 0.85 11.00 5.50
T-shaped
T1-H0 – 0.165 519.9 – – 0.82 11.34 5.67
elements
T2 8×4 0.090 513.3 403 0.02 0.58 4.20 4.20
T2-H0 – 0.097 527.4 – – 0.60 8.63 4.31
Permeable TP1 16×8 0.160 505.5 199 0.07 0.81 8.27 4.14
T-shaped TP1-L – 0.167 527.1 207 – 0.81 8.62 4.31
elements TP1-H0F – 0.205 646.0 – – 0.883 10.57 5.28
Table 3.1 Simulation parameters. Nx and Nz are the number of canopy elements in the
streamwise and spanwise directions, respectively, uτ is the friction velocity based on the net
drag scaled with the channel bulk velocity, Reτ is the friction Reynolds number based on
uτ and δ. The element spacing is denoted by s and the roughness frontal density by λf .∫
D+ is the net canopy drag force scaled with uτ , that is, the proportion of the total drag
on the fluid exerted by the canopy elements, with the remainder being the friction at the
bottom wall. The grid resolutions in the streamwise and spanwise directions are ∆x+ and
∆z+, respectively.
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3.1.1 Canopy-resolving simulations
In these simulations, the canopy elements are assumed to be solid obstacles, and their
geometry is resolved using an immersed-boundary method discussed in §2.3. The simulation
parameters for the different cases studied here are summarised in table 3.1. Case S is an
open channel with a smooth-wall floor. The canopy-resolving simulations include two canopy
geometries, as portrayed in figure 3.2, with varying element spacings. The first geometry,
denoted by the letter ‘P’, consists of collocated prismatic-posts with a square top-view
cross-section with sides l+x = l+z ≈ 20, and height l+s ≈ 110. The spacing between the canopy
elements in the wall-parallel directions for cases P0, P1 and P2 are s+ ≈ 100, 200 and 400,
respectively. The second geometry, denoted by the letter ‘T’, consists of frontally-extruded
T-shaped canopies, as portrayed in figures 3.2(b) and (c). The head of these canopy elements
has dimensions l+x = l+z ≈ 40 in the wall-parallel directions. The base of the canopy elements
has l+x ≈ 40 and l+z ≈ 20. The heights of the base and the head are l+s ≈ 80 and l+h ≈ 30,
respectively. The canopy elements are in a collocated arrangement, and the spacing between
the elements for cases T1 and T2 is s+ ≈ 200 and 400, respectively. Case TP1 has the
same geometry and layout as T1, but the canopy elements are resolved using the local drag
described in §2.5.1, and the resulting canopy elements allow some flow to pass through them,
as shown in figure 3.2(c) and (f). The net mean drag force for this canopy is similar to that
of the impermeable canopy, T1, as noted in table 3.1, in spite of the different character of
the canopy elements.
The roughness densities of the canopies are given in table 3.1. All the canopies studied
lie within the sparse to transitional regime empirically demarcated by Nepf (2012). As
discussed in chapter 1, however, in turbulent flows, the roughness density may not a sufficient
parameter to classify the canopy regimes, and the scales of the turbulent flow also need to
be considered. In a smooth channel, the largest structures associated with the near-wall
turbulent cycles are the streaks, which have spanwise widths of λ+z ≈ 100 (Kline et al., 1967).
The spanwise spacings between the canopy elements are therefore set to be at least s+ ≳ 100.
This implies that the canopies should be sparse from the point of view of the near-wall
turbulent fluctuations as well.
3.1.2 Drag-force representations
In order to explore the canopy-flow dynamics, we also conduct simulations where the canopy
is replaced by some drag force that does not resolve the geometry of the canopy elements, as
discussed in §2.5.2. Sparse canopies consisting of bluff elements, such as those in the present
work, are generally better characterised by a quadratic drag (Coceal et al., 2008), whereas for
dense canopies where viscous effects dominate a drag force proportional to the velocity would
be more appropriate (Tanino & Nepf, 2008). Therefore, in the present study, the canopy
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FIGURE 3.2 Contours of instantaneous streamwise velocity in planes passing through the
centre of a canopy element. (a–c) represent cuts in the z–y plane, and (d–f) represent cuts
in the x–y plane. (a,d) cuboidal canopy elements from case P1; T-shaped canopy elements
from (b,e) case T1 and (c,f) case TP1. The white lines mark the positions of the canopy
elements. The contours are scaled using the global friction velocity, uτ , of each case.
elements are replaced by a quadratic drag force, that is, where the drag is proportional to
the square of the velocity.
The drag coefficient, Cdh, is obtained by approximating the canopy drag force obtained
from the canopy-resolving simulations, D, to a form D ≈ CdhU |U |, where U is the mean
streamwise velocity. The drag coefficients obtained from cases T1, TP1 and T2 are portrayed
in figure 3.3. This quadratic form provides a reasonable approximation of the drag force for
y+ > 20, once viscous effects are small. This is consistent with observations made in previous
studies (Coceal et al., 2008; Böhm et al., 2013).
For the simulations labelled with the suffix ‘-H’, the presence of the canopy is replaced
by a force Cdhui|ui| applied homogeneously below the canopy tips. This is the conventional
homogeneous-drag model. It also requires the prescription of drag coefficients in the spanwise
and wall-normal directions. We estimate these by rescaling the streamwise drag coefficient
based on the relative change in the ‘blockage ratio’ of the canopy elements in the different
directions (Luhar et al., 2008), in the spirit of the method proposed by Luhar & Nepf (2013).
The blockage ratio in each direction is proportional to the frontal area of the canopy elements
in that direction. In the wall-normal and spanwise directions, this would be the top-view and
the side-view areas respectively. For the wall-normal drag, this assumption is particularly
coarse, but Busse & Sandham (2012) have shown that the flow is relatively insensitive to
moderate changes in the wall-normal drag coefficient. In the simulations labelled with the
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FIGURE 3.3 Drag coefficients, Cdh = D/U2, obtained from ‘T’ shaped canopies. , case T1;
, case TP1; , case T2; , cases T1-H/H0; and , case T2-H0. The inset provides a
magnified view of the drag coefficients for cases T2 and T2-H0.
suffix ‘-H0’, a forcing CdhU |U | is applied in the region below the canopy tips, where U(y)
is the mean velocity profile. The drag is only applied to the mean-streamwise velocity and
has no fluctuating component. The simulation labelled with the suffix ‘-L’ applies a drag
CdhU |U | on the streamwise mean-flow alone, as in cases H0, but distributed in a reduced-order
representation of the canopy elements, which consists of a 24-mode, x-z Fourier-truncation of
the canopy geometry. Finally, another variant of the mean-only drag, labelled with the suffix
‘-H0F’, prescribes the mean velocity profile from the resolved canopy simulation, and obtains
the mean-only drag required to sustain this mean profile a posteriori (Tuerke & Jiménez,
2013).
3.2 Canopy-resolving simulations
In this section, we present and discuss the scaling of turbulent fluctuations in sparse canopies,
and compare them with those over a smooth wall. Over a smooth wall, the balance of stresses
within the channel can be obtained by averaging the momentum equations in the wall-parallel
directions and time and integrating in y, which yields
dP
dx y + τw = −uv + ν
dU
dy , (3.1)
where τw is the wall shear stress, dP/dx is the mean streamwise pressure gradient, −uv is the
Reynolds shear stress, U is the mean streamwise velocity, and ν is the kinematic viscosity. At
y = δ, equation (3.1) yields the expression for the wall shear stress and the friction velocity,
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FIGURE 3.4 Schematic representation of the stress balance in a channel with canopy elements.
uτ ,
u2τ = τw = −δ
dP
dx . (3.2)
In the presence of a canopy, the stress balance also includes the drag exerted by the canopy
elements,
dP
dx y + τw = −uv + ν
dU
dy −
∫ y
0
D dy, (3.3)
where the canopy drag averaged in x, z and time, D, is zero for y > h. Equation (3.3) can
be rewritten as
dP
dx y + τw +
∫ h
0
D dy = −uv + ν dUdy +
∫ h
y
D dy, (3.4)
so that the net drag, τw +
∫ h
0 D dy, is on the left-hand side, as in (3.1). From this net drag,
a ‘global’ friction velocity can be defined,
u2τ = τw +
∫ h
0
D dy = −δdPdx . (3.5)
This is the equivalent of the smooth-wall uτ of equation (3.2) for canopy flows. While in
smooth-wall flows the total stress is the sum of the viscous and Reynolds shear stresses
alone and is linear in y, in canopy flows that linear sum has an additional contribution from
the canopy drag as evidenced by the right-hand-side of equation (3.4). This equation also
portrays that, at any given height y, the sum of the streamwise shear stresses, −uv+νdU/dy,
and the drag from the canopy above that height,
∫ h
y D dy, are balanced by the force exerted
by the pressure gradient above, as portrayed in figure 3.4. Outside the canopy, the drag term
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FIGURE 3.5 Stress profiles within the channel scaled with (a) uτ and (b) u∗ for case P1.
Dashed and solid red lines represent the full and background turbulent Reynolds shear
stresses, −u′v′ and −u′′v′′, respectively. The thin black lines represent the smooth-wall case,
S.
is zero, and the magnitude of the viscous and Reynolds shear stresses is similar to that over
smooth walls. Within the canopy, however, the canopy drag can dominate, and the viscous
and Reynolds shear stresses are smaller than over smooth walls, as shown in figure 3.5(a).
As can be observed in figure 3.1, the presence of the canopy elements induces a coherent
flow. Several studies have shown that the flow around the canopy elements and the flow far
away from them have significantly different characteristics, and consequently they are typically
studied separately (Finnigan, 2000; Böhm et al., 2013; Bailey & Stoll, 2013). A commonly
used technique to separate the element-induced flow from the background turbulence is
through triple decomposition (Reynolds & Hussain, 1972)
u(x, y, z, t) = U(y)+ u′(x, y, z, t), (3.6)
u′(x, y, z, t) = u˜(x, y, z)+ u′′(x, y, z, t), (3.7)
where u is the full velocity, U is the mean velocity obtained by averaging the flow in time
and space, and u′ is the full space-and-time fluctuating velocity. The latter is decomposed
into the element-induced, dispersive velocity, u˜, which is obtained by averaging the flow in
time alone, and the incoherent, background-turbulence fluctuating velocity u′′. A method
analogous to triple decomposition, called ‘double averaging’ (Raupach & Shaw, 1982), can
also be used to separate the element-induced and background-turbulence flows (Finnigan,
2000; Nepf, 2012; Bai et al., 2015; Giometto et al., 2016; Yan et al., 2017).
The intensity of the element-induced flow can vary with the shape (Balachandar et al.,
1997; Taylor et al., 2011), permeability (Yu et al., 2010; Ledda et al., 2018), and distribution
of the canopy elements. It is possible, however, for canopies to have different element-
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induced flows but similar background turbulence. To illustrate this, we compare two canopy
simulations, T1 and TP1, which have similar canopy layouts and roughly the same net drag,
as shown in figure 3.6(h). The difference between the two cases is that in T1 the canopy
elements are impermeable, whereas in TP1 some flow penetrates into the elements. The rms
fluctuations of the full and background-turbulence velocity components for these cases are
shown in figure 3.6. The magnitude of the full streamwise fluctuations within the canopy is
significantly larger for T1 than for TP1. This increase, however, can be attributed essentially
to the stronger element-induced fluctuations generated by the impermeable canopy elements.
This is evidenced by the fact that the background-turbulence streamwise fluctuations for
both cases essentially collapse, as shown in figure 3.6(b). The cross-flow fluctuations and
Reynolds shear stress profiles for both these canopies are also similar. The impermeable
canopy, however, has a slightly larger damping effect on the spanwise fluctuations.
The fluctuating velocities portrayed in figure 3.6 are scaled using the ‘global’ friction
velocity defined by equation (3.5), which includes the full contribution of the canopy drag.
Tuerke & Jiménez (2013) studied smooth-wall flows with artificially forced mean profiles,
and observed that the turbulent fluctuations in such flows scaled with the local sum of the
viscous and Reynolds shear stresses, or the local stress τf , at each height. This was the case
even when τf was not linear with y due to the artificial forcing. Tuerke & Jiménez (2013)
defined a ‘local’ friction velocity, u∗, by linearly extrapolating the local stress at each height
to the wall,
u∗(y)2 = δ
δ − y τf (y). (3.8)
Notice that, for a smooth unforced channel, u∗ = uτ at every height. Following Tuerke
& Jiménez (2013), we define the sum of the viscous and background-turbulence Reynolds
stresses as τf . In the present work, we only discuss the scaling of the background-turbulence
fluctuations. Hence, only the contribution of the background-turbulence Reynolds shear
stresses to τf are considered. A similar concept was also proposed by Högström et al. (1982)
for flows over urban canopies. They scaled turbulence with a local friction velocity, defined as
the square root of the magnitude of the local Reynolds shear stress, but had measurements
only at heights where the contribution of the viscous stress to τf would be small. Using u∗, a
local viscous lengthscale can also be defined, ν/u∗, and from it an effective viscous height,
y∗ = yu∗/ν. Both u∗ and y∗ for the prismatic-post canopies are portrayed in figure 3.7.
Near the canopy tips, where the element-induced drag is no longer present, the local friction
velocity, u∗ becomes equal to the global uτ , and y∗ becomes equal to y+. Making the canopy
sparser reduces the canopy drag, and hence the difference between u∗ and uτ within the
canopy reduces with increasing canopy sparsity.
When scaled with uτ , as is done conventionally, the viscous and Reynolds shear stresses
near the base of the canopy are highly damped compared to smooth walls. However, the
balance of these stresses in τf remains close to that over smooth walls. This is illustrated in
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FIGURE 3.6 Rms velocity fluctuations and shear stresses scaled with the global friction
velocity, uτ , from the canopy-resolving simulations. In the left column, the lines represent
, case P0; , case P1; and , case P2. In the right column, the lines represent , case
T1; , case TP1; and , case T2. Dashed lines represent the full velocity fluctuations, u′,
and solid lines represent the background-turbulence fluctuations, u′′. The thin, solid black
lines represent the smooth-wall case, S, for reference.
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FIGURE 3.7 Variation of (a) y∗, and (b) u∗ with height for the prismatic-post canopies, with
sparsity increasing from red to blue. , denser case P0; , intermediate case P1; ,
sparser case P2; and , smooth-wall case, S.
figure 3.5, which portrays the terms in the stress balance within a channel with canopies scaled
with uτ and u∗. The similarity of the viscous and Reynolds shear stresses in the canopy-flow
and smooth-wall cases suggests that the canopy acts on the background turbulence essentially
through changing their local scale, rather than through a direct interaction of the canopy
elements with the flow. To explore the scaling further, the background-turbulence rms
fluctuations are portrayed scaled with u∗ in figure 3.8. Scaling the fluctuations with the
conventional uτ shows a reduction of the fluctuations within the canopy compared to a
smooth wall, as shown in figure 3.6. With our proposed scaling with u∗, in contrast, the
streamwise fluctuations appear similar to those in a smooth channel. The increase in spanwise
and wall-normal fluctuations, shown in figures 3.8(c–f), suggests, however, that there is a
relative increase in the intensity of the cross flow within the canopy compared to a smooth
channel.
Although u′′∗ and u′′v′′∗ within the canopy appear similar to those over smooth walls,
there are some differences in the distribution of energy across different lengthscales in the flow,
particularly in the region close to the wall. In order to examine this, we compare the spectral
energy densities, at y∗ ≈ 15, for a smooth-wall and for case P1 in figure 3.9. This is the height
roughly corresponding to the location at which the magnitude of the fluctuations peaks in
smooth-wall flows (Jiménez & Pinelli, 1999). In global units, the energy is observed to be in
larger wavelengths when compared to a smooth channel, especially in λz. In local scaling,
however, there is a greater overlap of the regions with the highest intensity, particularly for
Euu and Euv. In addition, the canopy case exhibits a concentration of energy at the canopy
wavelengths and its harmonics. Note that the element spacing, for case P1, at y∗ ≈ 15 is
reduced to s∗ ≈ 100, while in global scaling it is s+ ≈ 200. The increase in the energy in
the canopy wavelengths is a reflection of the element-induced flow. The large streamwise
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FIGURE 3.8 Rms velocity fluctuations and shear stresses for the background turbulence scaled
using the local friction velocity, u∗, from the canopy-resolving simulations. The lines in the
left column represent , case P0; , case P ; and , case P2. In the right column, the
lines represent , case T1; , case TP1; and , case T2. The thin black lines represent
the smooth-wall case, S.
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FIGURE 3.9 Pre-multiplied spectral energy densities of the full velocity fluctuations for case
P1 (filled contours) and for case S (line contours) normalised with their respective rms values
at (a–d) y+ ≈ 15, and (e–h) y∗ ≈ 15. The contours from the left to right columns are in
increments of 0.03, 0.06, 0.05 and 0.06, respectively.
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FIGURE 3.10 Pre-multiplied spectral energy densities of the full velocity fluctuations for case
P1 (filled contours) and case S (line contours) at y∗ ≈ 105, normalised by their respective u∗.
The contours in (a–d) are in increments of 0.125, 0.06, 0.075 and 0.06, respectively.
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FIGURE 3.11 Pre-multiplied spectral energy densities of the full velocity fluctuations at
y+ ≈ 250. , case P0; , case P1; and , case P2, normalised by their respective uτ .
Filled contours represent case S. The contours in (a–d) are in increments of 0.075, 0.04, 0.06
and 0.03, respectively.
scales, in turn, are damped by the presence of the canopy, which results in a reduction of
their energy. The differences in the energy distribution observed within the canopy eventually
disappear above it. To illustrate this, figure 3.10 portrays the spectra near the canopy tips,
y∗ ≈ 105. Here, the concentration of energy in the canopy wavelengths and its harmonics is
weak, and the smaller scales in the flow are smooth-wall-like.
There is, however, still a deficit of energy in large streamwise wavelengths, compared
to a smooth wall, associated with the damping of these scales by the canopy elements, as
discussed in the previous paragraph. This effect diminishes away from the canopy, and the
spectra are essentially smooth-wall-like for y+ ≳ 250, as shown in figure 3.11, indicating that
outer-layer similarity is recovered and delimiting the height of the roughness sublayer. The
recovery of outer-layer similarity is also reflected in the mean-velocity profiles of the canopy
flow simulations, portrayed in figure 3.12, which exhibit logarithmic-law behaviour with a
standard Kármán constant when shifted by a suitable displacement height, d (Jackson, 1981).
So far, we have mainly focussed on the results for case P1, with prismatic canopy elements
with spacings s+ ≈ 200. We now discuss the effect of changing the canopy element geometry
and spacing on the flow. An increased sparsity results in an increase in the magnitude of
both the full and background-turbulent velocity fluctuations, as shown in figure 3.6. In
local scaling, however, the background turbulent fluctuations follow a similar trend to that
observed for case P1. We observe that u′′∗ and u′′v′′∗ appear smooth-wall-like, while there
is a relative increase in the magnitude of the cross fluctuations. For the denser canopy of
case P0, on the other hand, the fluctuations become less similar to those over smooth-walls.
The streamwise fluctuations are damped more intensely within the canopy, and there are
additional Reynolds shear stresses near the wall. Figure 3.13 shows that, compared to the
sparser canopies, P0 has an accumulation of energy in streamwise wavelengths corresponding
to the canopy harmonics but across a range of spanwise wavelengths. These regions of excess
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FIGURE 3.12 Mean velocity profiles, from the canopy-resolving simulations. Lines represent
, case T1; , case TP1; , case T2; , case P0; , case P1; , case P2. The
black lines represent the smooth-wall case, S. Uc is the mean velocity at y = δ, and d is a
displacement height.
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FIGURE 3.13 Pre-multiplied spectral energy densities of the full velocity fluctuations at (a–d)
y∗ ≈ 15 and (e–h) y∗ ≈ 105, normalised by their respective u∗. Filled contours represent case
P2; , case S; and , case P0. The contours in (a–h) are in increments of 0.3, 0.03, 0.1,
0.06, 0.12, 0.06, 0.075 and 0.05, respectively.
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energy have also been noted by Abderrahaman-Elena et al. (2019), who studied densely
packed cuboidal roughness. They noted that these regions were an imprint of the large,
background-turbulence scales modulating the smaller scale coherent flow generated by the
roughness. This effect diminishes as the canopy element spacing is made larger than the
energetic scales in the background-turbulence, as evidenced by the lack of these regions in
the spectra of the sparser canopies portrayed in figures 3.9, 3.10 and 3.13. For case P2, the
spectra are already close to smooth-wall-like at the canopy tips, suggesting that both the
element-induced flow and the damping of large scales are already weak at this height.
Previous studies have noted the formation of Kelvin–Helmholtz-like instabilities near the
canopy tips in dense canopies (Finnigan, 2000; Nepf, 2012; Bailey & Stoll, 2016). These
instabilities originate from an inflection point in the mean-velocity profile over canopies
(Raupach et al., 1996). The T-shaped canopies were originally designed as a flow control
device, aiming to produce a strong inflection point at the canopy tips in order to generate
these instabilities, while leaving the near-wall flow relatively undisturbed (Sharma & García-
Mayoral, 2018). When present, these instabilities leave a distinct footprint in Evv and Euv,
causing an increase in energy in a narrow range of streamwise wavelengths and for large
spanwise wavelengths (García-Mayoral & Jiménez, 2011; Gómez-de-Segura et al., 2018a;
Abderrahaman-Elena et al., 2019). However, such a footprint is not observed in the canopies
studied here, consistent with the observations of Poggi et al. (2004) for sparse canopies. This
suggests that, even if the instabilities are present over these sparse canopies, they are weak
compared to the other fluctuations in the flow, and are therefore masked by them.
3.3 Simulations with artificial forcing
The results discussed so far suggest that sparse canopies affect their surrounding flow through
two mechanisms, an element-induced flow, and a change in the local scale for the background-
turbulence fluctuations. With respect to the second mechanism, the effect of the canopy
elements would be indirect, through modifying the mean-velocity profile and thus the local
stress, τf . The latter would, in turn, set the scale for the fluctuations. If this is the case,
applying the mean drag produced by the canopy on the mean flow alone should capture the
essential effects of the canopy on the background-turbulence. We test this in the simulations
labelled with the suffix ‘-H0’. For the densest canopies simulated for each geometry, that
is, P0 and T1/TP1, we also compare the mean-only-drag simulations with conventional,
homogeneous drag simulations labelled with the suffix ‘-H’. Note that simulations T1-H0 and
T1-H correspond to both the permeable and impermeable canopies of T1 and TP1, as they
have similar net drags and drag coefficients. Note that the homogeneous and mean-only drag
simulations do not produce an element-induced flow, that is, u˜ = 0, and therefore, the full
and background-turbulence components of the fluctuations for these simulations are equal,
u′ = u′′.
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FIGURE 3.14 Rms velocity fluctuations and shear stresses for the background turbulence
scaled with the global friction velocity, uτ , of the canopy-resolving, mean-only drag and
homogeneous drag simulations. In the left column, lines represent , case P0; , case
P0-H0; , case P0-H; , case P1; , case P1-H0; , case P2; and , case P2-H0. In
the right column, lines represent , case T1; , case T1-H0; , case T1-H; , case TP1;
, case T2; and , case T2-H0. The thin black line represents the smooth-wall case, S.
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The streamwise fluctuations and the Reynolds shear stresses of the mean-only-drag
simulations are in good agreement with the corresponding background-turbulence fluctuations
from the resolved canopies, except for the densest canopy studied, case P0, as shown in
figure 3.14. For the sparsest canopies, cases P2 and T2, the cross-flow fluctuations, particularly
in the wall-normal direction, are slightly larger than their mean-only-drag counterparts. A
likely reason for this discrepancy is the presence of an unsteady element-induced flow for these
canopies, whose contribution cannot be filtered out by the conventional triple-decomposition
technique that we have used. The fluctuating velocities scaled by the local friction velocities
for the drag-force simulations show similar trends to that observed for the canopy resolved
simulations, that is, u′′ and u′′v′′ show similarities to those of smooth channels, and that
there is a general increase in v′′ and w′′. The fluctuations, in local scale, for the drag-force
simulations are provided in figure 3.15, for reference.
For case P0, a homogeneous drag provides a better representation of the cross-flow
fluctuations than the mean-only drag, and the streamwise fluctuations are not well represented
by either forcing method. For this case, there is significant interaction between the element-
induced flow and the background turbulence, as discussed in §3.2. Thus, it is not surprising
that neither the mean-only drag nor the homogeneous drag is able to capture the full effect
of this canopy on the background turbulence.
For the sparser canopies of T1 and TP1, compared to a mean-only drag, the homogeneous
drag tends to overdamp the fluctuations within the canopy, particularly in the streamwise
direction, as can be observed in figure 3.14(b). The excessive damping of fluctuations by a
homogeneous drag, in comparison to a resolved canopy, was also noted by Yue et al. (2007)
and Bailey & Stoll (2013). Figure 3.16 shows that this decrease in the intensity of fluctuations
within the canopy is mainly a result of damping of the smaller streamwise wavelengths in the
flow, λ∗x ≲ 200. The homogeneous drag simulation, T1-H, reproduces well the larger scales of
the resolved canopy simulation, TP1. This suggests that scales much larger than the canopy
spacing still perceive the canopy as homogeneous. Using the mean-only drag recovers some of
the smaller streamwise scales, but it does not act directly on the larger scales as the actual
canopy does. As the element spacing is increased, the range of scales affected in a homogenised
fashion is shifted to larger scales, so that the energetic turbulent scales become less damped.
This is consistent with the results portrayed in figures 3.13(e–h), which show that, near the
canopy tips, the dense canopy P0 damps the energy at λ∗x ∼ 1000–2000, compared to smooth
walls, while the sparse canopy P2 leaves these scales relatively undisturbed.
3.3.1 Distributed mean-only drag simulation
The accumulation of energy in the lengthscales of the order of the canopy wavelengths and
its harmonics observed in the canopy-resolving simulations requires a discrete representation
of the canopy elements. Hence, it cannot be captured by either the mean-only- or the
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FIGURE 3.15 Rms velocity fluctuations and shear stresses for the background turbulence
scaled with the local friction velocity, u∗, of the canopy-resolving, mean-only drag and
homogeneous-drag simulations. In the first column, lines represent , case P0; , case
P0-H0; , case P0-H; , case P1; , case P1-H0; , case P2; and , case P2-H0. In
the second column, lines represent , case T1; , case T1-H0; , case T1-H; , case
TP1; , case T2; and , case T2-H0. The thin black lines represent case S.
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FIGURE 3.16 Pre-multiplied spectral energy densities of the full velocity fluctuations at (a–d)
y∗ ≈ 15 and (e–h) y∗ ≈ 105, normalised by their respective u∗. Filled contours represent case
TP1; , case T1-H0; , case T1-H; and , case TP1-L. The contours in (a–h) are in
increments of 0.3, 0.075, 0.175, 0.075, 0.12, 0.06, 0.075 and 0.05, respectively.
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FIGURE 3.17 Drag force distribution in the streamwise direction in a plane passing through
the canopy heads for case TP1-L (blue); , distribution of the mean-only drag force, as in
case T1-H0. The location of the canopy elements is sketched in grey at the bottom of the
figure.
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homogeneous-drag approaches. To introduce information of the canopy layout in the model,
we distribute the drag calculated from the mean flow into a reduced-order representation of
the canopy elements in case TP1-L. The representation consists of a truncation in Fourier
space in x and z, of the actual layout. The procedure is illustrated in figure 3.17 by the
streamwise distribution of the drag force used by this model. Note that like case TP1-H0,
this model also applies a drag on the streamwise flow alone. In addition to capturing the local
scaling of the flow, discussed in §3.3, this model is also able to represent the concentration
of energy in the canopy scales for case TP1, as observed in figure 3.16. This is reflected by
the collapse of the rms fluctuations of the full velocity components of TP1-L and TP1, as
shown in figure 3.18. The magnitude of spanwise velocity fluctuations within the canopy of
TP1-L is slightly larger than TP1, likely due to the fact that TP1-L does not apply any form
of spanwise drag force. The drag force, although only applied in the streamwise direction,
is also able to reproduce the canopy harmonics in the spectra of Evv and Eww, which are
caused by the deflection of the streamwise flow around the canopy elements as a result of
continuity. The large scales in the flow are similar to those in the mean-only drag, as the drag
in this case also does not act on these scales directly. This method, however, is only able to
capture the weak coherent flow generated by the permeable canopy, and still under-predicts
the full streamwise velocity fluctuations of the impermeable canopy.
3.3.2 Fixed mean-velocity profile simulation
Although the distributed mean-only drag simulation described above, case TP1-L, can provide
a reasonable approximation of the turbulent fluctuations for case TP1, it still does not capture
the exact mean-flow profile, as illustrated in figure 3.19(a). The mean-flow profile, Reynolds
shear stresses and the canopy drag all have an interdependent relationship. The sum of the
stresses, τ = −u′v′ + 1Re dUdy +
∫ h
y D dy, is prescribed to be linear in a channel flow. The latter
two terms are functions of the mean velocity profile, U(y). Therefore, any deviation in the
Reynolds shear stresses translates into a deviation in the mean velocity profile, and vice versa.
As a conceptual experiment, we conduct a simulation, TP1-H0F, where U(y) is fixed to that
of case TP1, and obtain the mean-only drag required to sustain this profile a posteriori,
similar to the simulations of Tuerke & Jiménez (2013). The aim of this simulation is to
ascertain the additional mean-only drag that would be required to obtain the correct U(y)
of a resolved canopy simulation. The additional drag would make up for the deficit in the
element-induced Reynolds shear stresses, which are not represented in the mean-only drag
simulations. The resulting drag coefficient obtained is shown in figure 3.19(b), together with
the drag coefficients for cases TP1, T1-H0 and T1-H. Within the canopy, the drag-coefficient
required to make up for the deficit in the Reynolds shear stresses is roughly twice that of the
resolved canopy. Furthermore, the force is also observed to be non-zero outside the canopy.
The excess forcing just above the canopy is possibly due to the Reynolds stresses generated
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FIGURE 3.18 Rms fluctuations and shear stresses of the full flow, scaled with the global
friction velocity uτ . , case TP1; , case T1; , case TP1-H0; , case TP1-L. The
thin black lines represent case S.
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FIGURE 3.19 (a) Mean velocity profiles and (b) effective drag coefficients for , case TP1;
, case TP1-H0; , case TP1-H0F; , case TP1-L. . The thin black lines represent case
S.
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FIGURE 3.20 Rms fluctuations and shear stresses of the full flow, scaled with the global
friction velocity uτ . , case TP1; , case TP1-H0; , case TP1-H0F; , case TP1-L.
The thin black lines represent case S.
by the canopy in the roughness sublayer. The rms velocity fluctuations obtained from this
simulation, however, are similar to those from the mean-only-drag model in friction units,
as can be observed in figure 3.20. The results, therefore, suggest that although the correct
mean profile could theoretically be captured by tuning the drag coefficient, a representation
of the element-induced flow would still be required to capture the velocity fluctuations.

Chapter 4
Turbulent flows over dense filament
canopies
We now focus on canopies in the dense regime where we expect the flow near the top of
the canopy to be dominated by the presence of the Kelvin–Helmholtz-like instability. The
canopies we study consist of closely packed, rigid prismatic filaments with small element
spacings, and large height-to-spacing ratios. The spacings range from s+ ≈ 2.6 to 48 for the
densest and sparsest canopy geometries considered, respectively. The canopy heights range
from h+ ≈ 10 to 128. The canopy geometries studied and the simulation parameters are
presented in §4.1. The effect of the canopy parameters on the surrounding turbulent flow is
discussed in §4.2. We find that the key parameter determining the effect of such canopies on
the flow within and above them is the element spacing, and the height plays a secondary role.
These canopies are also dense enough to elicit Kelvin–Helmholtz-like instabilities in the flow,
which are discussed in §4.3.
4.1 Numerical simulations
We conduct direct numerical simulations of symmetric channels with rigid canopy elements on
both walls. Here, unlike the previous chapter, the wall-normal origin, y = 0, is defined at the
tip plane of the canopies protruding from the bottom wall. The canopy elements, therefore,
extend below y = 0 and above y = 2δ, and have a height h. A schematic representation
of the channel is portrayed in figure 4.1. The size of the domain is a standard 2πδ in the
streamwise direction and πδ in the spanwise direction, with δ = 1. The domain-to-canopy
height ratio for most cases considered here is (δ + h)/h ≈ 3. We will show in §4.2 that the
height of the roughness sublayer scales with the canopy spacing rather than their height,
as in the configurations of Sadique et al. (2017) and MacDonald et al. (2018), and that
outer-layer similarity is recovered well below the channel half-height. The channel height to
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FIGURE 4.1 Schematic representation of the domain considered in the present study.
element spacing ratio for most canopies considered is δ/s ≳ 10, and for the canopy with the
largest element spacing is δ/s ≈ 4. The simulations are run at a constant flow rate, with the
viscosity adjusted to obtain a friction Reynolds number Reτ = uτδ/ν ≈ 185, where uτ is the
friction velocity calculated at the canopy tips.
The parameters of the different simulations conducted are summarised in table 4.1. The
simulation denoted by ‘SC’ is of a turbulent channel flow with smooth walls. The canopy-flow
simulations are divided into three groups. The canopy elements studied in each group are
prismatic, with a square top-view cross section, and their arrangement is illustrated in
figure 4.2. The first group, denoted by the prefix ‘S’, consists of canopies with a fixed height,
h+ ≈ 96, and element spacings ranging from s+ ≈ 10 to 48. The second group, marked
by the prefix ‘H’, consists of canopies with a fixed element spacing, s+ ≈ 16, and element
heights ranging from h+ ≈ 16 to 128. The element width-to-spacing ratio for the canopies of
S and H is w/s = 1/2, which corresponds to a plan area ratio, λp = 1/4. The final group,
denoted by the prefix ‘G’, consists of self-similar elements with a fixed height-to-spacing ratio
h/s ≈ 4, and w/s = 2/9 that corresponds to a plan area ratio, λp ≈ 1/20. The heights for the
canopies of G range from h+ ≈ 10 to 100, with the element spacings varying in proportion
to their height. Two additional simulations, H32180 and H32400, are conducted to check the
dependence of the results on the friction Reynolds number. The canopy geometries for both
these simulations have s+ ≈ 16, h+ ≈ 32 and w/s = 1/2, with friction Reynolds numbers
Reτ ≈ 180 and 400. Note that all the canopies studied in the chapter have roughness frontal
densities λf > 0.1, thereby placing them in the dense regime as demarcated by Nepf (2012).
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Case Nx ×Nz nx × nz uτ Reτ λf h+ s+ w/s
Smooth SC – – 0.064 186.3 – – – –
S10 108×54 12×12 0.071 176.7 4.6 95.5 10.3
Fixed S16(H96) 72×36 24×24 0.088 187.7 3.1 101.8 16.4
1
2
height S24 48×24 24×24 0.102 187.4 2.0 101.2 24.5
(h+ ≈ 100) S32 36×18 24×24 0.112 186.4 1.5 100.7 32.5
S48 24×12 24×24 0.124 180.1 1.0 97.0 47.2
H16 72×36 24×24 0.071 184.7 0.5 17.2 16.1
Fixed H32 72×36 24×24 0.080 188.8 1.0 34.6 16.5
1
2
spacing H64 72×36 24×24 0.086 186.2 2.0 68.1 16.2
(s+ ≈ 16) H96(S16) 72×36 24×24 0.088 185.7 3.1 101.8 16.4
H128 72×36 24×24 0.086 184.8 4.1 133.2 16.4
G10 432×216 9×9 0.064 175.9 10.1 2.6
Self-similar G20 216×108 9×9 0.072 190.7 22.2 5.6
2
9
geometry G40 108×54 18×18 0.106 188.2 0.85 43.4 11.0
(h/s ≈ 4) G60 72×36 18×18 0.127 183.3 64.7 16.0
G100 48×24 18×18 0.147 185.7 97.9 24.3
Different Reτ
H32180 72×36 12×12 0.075 184.6 1.0 33.9 16.1 1
2H32400 162×81 12×12 0.066 399.9 32.0 15.5
Table 4.1 Simulation parameters. Nx and Nz are the number of rows of canopy elements
in the streamwise and spanwise directions, respectively. The number of points used to
resolve each period of the canopy in the streamwise and spanwise directions are nx and nz,
respectively. uτ is the friction velocity based on the shear at the canopy tips scaled with the
channel bulk velocity. Reτ is the friction Reynolds number based on uτ and δ. The canopy
roughness frontal density, height, width and spacing are λf , h, w and s, respectively.
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FIGURE 4.2 Schematic of the canopy layouts considered in the present study. The canopies
are characterised by their element height, h, the element width, w, and the element spacing,
s. Note that the element have a square top-view cross section.
4.1.1 Reynolds number effect
To analyse the influence of the Reynolds number in our subsequent DNSs, we compare the
results of cases H32180 and H32400, which have the same canopy height and spacings in friction
units, but different friction Reynolds numbers. The velocity fluctuations and the Reynolds
shear stresses within the canopy, and above it up to a height of y+ ≈ 10, of these simulations
essentially collapse, as shown in figure 4.3. This suggests that the flow in the region near the
canopy-tip plane scales in friction units, similar to the near-wall region in smooth-wall flows
(Moser et al., 1999). Scaling in friction units over conventional rough surfaces has also been
noted by Chan et al. (2015). Beyond y+ ≳ 10, we observe that the magnitude of the peaks
in the fluctuations and the Reynolds shear stresses are larger for case H32400 compared to
case H32180. The increase in magnitude of the near-wall peaks in the velocity fluctuations
at friction Reynolds numbers larger than Reτ ≈ 180 is consistent with that observed in
smooth-wall flows (Moser et al., 1999; Sillero et al., 2013), also included in figure 4.3 for
reference. Further away from the canopy tips, at y+ > 50, the rms velocity fluctuations
from the canopy simulations coincide with those from the smooth-wall simulations at their
corresponding Reynolds numbers, which indicates the recovery of outer-layer similarity. In
addition to the rms fluctuations being similar for these simulations, the distribution of energy
in different scales is also similar. This is illustrated by the pre-multiplied spectral energy
densities at y+ ≈ 15, portrayed in figure 4.4. This height roughly corresponds to the location
where the magnitude of the fluctuations peaks in smooth-wall flows (Jiménez & Pinelli, 1999).
The results of H32180 and H32400 suggest that the effect of the canopy scales in friction units,
and therefore the results presented in the following sections for flows at Reτ ≈ 180 should
also be relevant for higher Reynolds number flows.
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FIGURE 4.3 Rms velocity fluctuations and Reynolds shear stresses for cases H32180 in red
and H32400 in blue. The black lines represent the corresponding smooth-wall cases. The data
for the smooth-wall simulations at Reτ ≈ 400 is taken from Moser et al. (1999).
(a) (b) (c) (d)
kxkzEu′u′ kxkzEv′v′ kxkzEw′w′ kxkzEu′v′
FIGURE 4.4 Pre-multiplied spectral energy densities for cases H32180 (line contours) and
H32400 (shaded contours), normalised by the respective rms values, at a height y+ ≈ 15.
Contours from (a–d) are in increments of 0.075, 0.06, 0.07 and 0.1, respectively.
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4.2 Effect of canopy parameters on the surrounding turbu-
lence
In this section, we discuss the effect of changing the height and spacing of the canopy elements
on the velocity fluctuations within and above the canopies. Over conventional rough surfaces,
with heights comparable to or smaller than their spacings, the height of the roughness sublayer
is generally observed to be a function of the roughness height (Raupach et al., 1991; Flack
et al., 2007; Abderrahaman-Elena et al., 2019). Jiménez (2004) reviewed the effect of various
roughness geometries on turbulent flows and noted that in flows over closely packed spanwise
aligned grooves, the flow within each groove would be isolated from the overlying flow due to
the ‘sheltering’ effect of the preceding obstacle. The overlying flow, in this case, would not
interact with the full height of the groove. This sheltering effect was also noted by Sadique
et al. (2017) for high-aspect-ratio prismatic roughness, and by MacDonald et al. (2018) for
spanwise aligned grooves with large spacings. As the element spacings of the canopies studied
here are small, this sheltering effect should result in the overlying flow only interacting with
the region near the canopy-tip plane. In order to determine the height of this region, we
examine the flow element-coherent flow induced by the canopy elements. The footprint of the
element-induced flow can be observed in the instantaneous realisations of the velocity above
the canopy-tip plane, portrayed for the canopies of families H and G in figure 4.5. As in the
previous chapter, we isolate the element-induced flow using the standard triple decomposition
of Reynolds & Hussain (1972)
u(x, y, z, t) = U(y)+ u′(x, y, z, t), (4.1)
u′(x, y, z, t) = u˜(x, y, z)+ u′′(x, y, z, t), (4.2)
where u is the full velocity, U is the mean velocity, and u′ is the full space-and-time fluctuating
velocity, decomposed into the element-induced, dispersive velocity, u˜, and the incoherent,
background-turbulence fluctuating velocity u′′.
We observe that the element-induced velocity fluctuations, for all the canopies studied
here, decay exponentially above the canopy-tip plane, and become negligible at a height
of one element spacing above regardless of the canopy depth, as shown in figure 4.6. This
suggests that the element spacing is the relevant lengthscale for the overlying flow. The
element-induced fluctuations decay below the canopy-tip plane as well. The element-induced
fluctuations within become zero well above the canopy base for the canopies G10 and S10, that
is, the canopies with the smallest element spacings. For the other canopies, the fluctuations
only become zero at the wall at the canopy base. The intensity of the velocity fluctuations
within the canopy also depends on the element spacing. For the canopies of family H, which
have a constant element spacing, the change in element height does not have a noticeable
effect on the element-induced fluctuations, as shown in figures 4.6(b, e, h). For the canopies of
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FIGURE 4.5 Instantaneous realisations of the wall normal velocity at y ≈ 0.1s, normalised by
uτ . From top to bottom, the left column represents cases H16 to H128; and right column,
cases G10 to G100. The insets in (b, d) provide a magnified view of the region in the bottom
left corner of these panels, marked with a black rectangle. The clearest and darkest colours
indicate intensities of ±0.4 in the left column and, from top to bottom, ±(0.2, 0.4, 0.8, 0.8, 1.0)
in the right column.
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FIGURE 4.6 Root-mean-square velocity fluctuations of the element-induced flow. The lines
from red to blue represent (a,d,g) cases S10 to S48; (b,e,h) cases H16 to H128; and (c,f ,i)
cases G10 to G100.
families S and G, the intensity of the velocity fluctuations within the canopy increases with
element spacing, when scaled using either the friction velocity or the channel bulk velocity.
This suggests that the intensity of the element-induced flow within the canopy also depends
essentially on the canopy spacing.
Even though the element-induced fluctuations only extend to one element spacing above
the canopy-tip plane, their influence on the background-turbulence extends to a height of
approximately 2–3 element spacings. Abderrahaman-Elena et al. (2019) observed a similar
effect over conventional cubical roughness, where the element-induced fluctuations only
extended to y ≈ h, but the effect of the roughness on the overlying flow extended to y ≈ 3h
above them. At heights of y/s > 2–3 above the canopy-tip plane, the full rms velocity
fluctuations collapse with those of smooth-wall turbulence, as shown in figure 4.7, which is
indicative of the recovery of outer-layer similarity. This is verified by a comparison of the
pre-multiplied spectral energy densities of the canopy and smooth-wall cases in figure 4.8,
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FIGURE 4.7 Rms velocity fluctuations within and above the canopies. The lines from red to
blue represent (a,d,g) cases S10 to S48; (b,e,h) cases H16 to H128; and (c,f ,i) cases G10 to
G100. The black lines represent case SC.
which shows that the energy densities of the canopies of family S collapse with those of
the smooth-wall case for y+ ≳ 90. This corresponds to a height of about 2s for case S48,
the canopy with the largest spacing. Although not shown here, the pre-multiplied spectral
energy densities of the canopies of families H and G collapse with the smooth-wall spectra
for y/s ≳ 3 as well.
In canopies with very small element spacing, the height of the roughness sublayer is small,
and we would expect such canopies not to disrupt the overlying turbulence significantly,
regardless of their depth. As discussed in §1.1, in the literature on conventional roughness,
small roughness elements that have a negligible effect on the overlying turbulent flow are
termed ‘hydraulically smooth’, as the flow over them remains essentially smooth-wall like
(Nikuradse, 1933; Raupach et al., 1991). Typically, roughness elements with a characteristic
size of a few wall-units, h+ ≲ 5, fall into the hydraulically-smooth category (Raupach et al.,
1991; Jiménez, 2004; Flack et al., 2007). Of the canopies studied here, we observe that the
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FIGURE 4.8 Pre-multiplied spectral energy densities at y+ ≈ 90, with line contours from red
to blue representing cases S10 to S48, normalised by their respective uτ . The filled contours
represent the smooth-wall case, SC. The contours in (a–d) are in increments of 0.11, 0.04,
0.06 and 0.04, respectively.
flow over the canopy of case G10, which has an element spacing of s+ ≈ 2.6, is essentially
smooth-wall-like. This is evidenced by the collapse of the rms velocity fluctuations, Reynolds
shear stresses, and the mean velocity profile of this case with those of the smooth-wall
case, as shown in figures 4.7(c, f, i) and 4.9(c, f). In addition, the magnitude of the velocity
fluctuations below the canopy-tip plane is negligible. This suggests that the overlying
turbulent flow essentially perceives the canopy-tip plane as an impermeable wall, and has
little or no interaction with the canopy region below this plane.
For canopies with larger element spacings, we begin to observe deviations from smooth-
wall-like behaviour. Above the canopy-tip plane, an increase in the element spacing causes
a reduction in the intensity of the streamwise velocity fluctuations, and an increase in the
intensity of the wall-normal and spanwise velocity fluctuations, as can be observed in figure 4.7
for the canopies of families S and G. For canopies with large element spacings, such as those
of S48 and G100, the peak in u′, typical of smooth-wall flows, is severely reduced. We also
observe an increase in the Reynolds shear stresses above the canopy-tip plane with increasing
element spacing, shown in figures 4.9(d, f), with an associated increase in the drag. The drag
increase due to rough surfaces is generally expressed in terms of the downward shift in the
logarithmic region of the mean-velocity profile compared to that for a smooth wall (Hama,
1954). This shift can be observed for the canopies of families S and G in figures 4.9(a, c).
The change in the drag observed for some of the dense canopies studied here was reported
in Gómez-de-Segura et al. (2018b). The decrease in u′ and increase in v′, w′ and drag with
increasing element size is commonly reported over conventional rough surfaces (Ligrani &
Moffat, 1986; Orlandi & Leonardi, 2006; Abderrahaman-Elena et al., 2019). Several authors
have attributed the changes in the velocity fluctuations to the roughness elements modifying
the near-wall turbulence cycle (Jiménez, 2004; Flores & Jiménez, 2006; Flack et al., 2007;
Abderrahaman-Elena et al., 2019). The associated structures, such as streaks and quasi-
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FIGURE 4.9 Profiles of the (a–c) streamwise mean velocity and (d–f) Reynolds shear stresses.
The lines from red to blue represent (a,d) cases S10 to S48; (b,e) cases H16 to H128; and
(c,f) cases G10 to G100. The black lines represent case SC.
streamwise vortices, are predominantly streamwise coherent (Kline et al., 1967; Jiménez &
Pinelli, 1999). A breakdown of the streamwise coherent structures in the flow with increasing
canopy element spacing can also be observed in the present simulations. This is illustrated
in the instantaneous realisations of the wall-normal velocity for the canopies of family G,
portrayed in figure 4.5. Below the canopy-tip plane, increasing the element spacing results in
an increase in all the components of the velocity fluctuations. The wall-parallel fluctuations,
u′ and w′, drop rapidly below the canopy-tip plane, and their magnitude reaches a plateau in
the middle of the canopy before they drop again near the canopy base to meet the no-slip
condition. The height over which the fluctuations decay within the canopy and the magnitude
of the fluctuations in the middle of the canopy appear to correlate with the element spacing.
Note that this plateau in u′ and w′ within the canopy is asymptotic and requires a sufficiently
large canopy depth to occur. Thus, this plateau is essentially absent for the canopy of S48,
because of its low canopy height-to-spacing ratio, h/s ≈ 2. The wall-normal fluctuations
within the canopy do not exhibit this plateau and decay gradually below the canopy tip
plane to meet the impermeability condition at the canopy base. Let us also note here that
the element-induced fluctuations account for less than 10% of the magnitude of the total
cross-velocity fluctuations within the canopy. This is consistent with the observations of
previous dense canopy studies (Poggi & Katul, 2008).
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As noted previously, the differences between the element-induced fluctuations for the
fixed-spacing canopies of family H are negligible. However, we do observe changes in the full
rms velocity fluctuations for these cases. Above the canopy tips, we observe a decrease in u′
and an increase in v′ and w′ with an increase in the canopy height, similar to the effect of
increasing the element spacing, as shown in figures 4.7(b, e, h). Within the canopy, u′ and w′
for all cases collapse to a single curve, only departing from it to meet the no-slip condition at
the canopy base. The magnitude of the wall-normal fluctuations within the canopy, however,
increases with the canopy height up to h/s ≈ 6. For h/s ≳ 6, the effect of the canopy height
on the flow, within and above the canopy, saturates. This is illustrated in figures 4.7(b, e, h)
and 4.9(b, e), which show that the velocity fluctuations, Reynolds shear stresses and the mean
velocity profiles of cases H96 and H128 with h/s ≈ 6 and 8, respectively, are essentially the
same.
4.3 Kelvin–Helmholtz-like instabilities over dense canopies
The variations observed in the velocity fluctuations for the fixed-element-spacing simulations
may, in part, result from the growth of a Kelvin–Helmholtz-like instability, typically reported
in dense canopy flows (Finnigan, 2000; Nepf, 2012). In order to assess the presence of this
instability in the flow, we compare the pre-multiplied spectral energy densities of the wall-
normal velocity at y+ ≈ 15 in figures 4.10(f–j). For case H16, we observe that the spectral
energy densities of the fluctuations above the canopy are similar to those above smooth walls.
As the height of the canopy is increased, we observe a progressive increase in the energy in long
spanwise wavelengths, λ+z > 100, for a narrow range of streamwise wavelengths, λ+x ∈ (150–
250). This range of streamwise wavelengths remains roughly constant for increasing canopy
heights. Such a footprint in the spectral energy densities has been previously associated with
the presence of spanwise-coherent, Kelvin–Helmholtz-like instabilities over riblets (García-
Mayoral & Jiménez, 2011), transitional roughness (Abderrahaman-Elena et al., 2019) and
permeable substrates (Gómez-de-Segura & García-Mayoral, 2019). This instability is known
to generate strong wall-normal fluctuations and, hence, its signature is most clear in the
spectra of the wall-normal velocity fluctuations (García-Mayoral & Jiménez, 2011; Gómez-de-
Segura & García-Mayoral, 2019). Above a short canopy, like that of H16, the impermeability
condition at the base of the canopy would inhibit the instability by blocking the wall-normal
fluctuations (Huerre, 1983; Healey, 2009). Increasing the canopy height weakens this effect,
leading to a stronger footprint of the instability, as observed in figures 4.10(f–j). The
Kelvin–Helmholtz-like instability has also been reported to cause an increase in the Reynolds
shear stresses, with an associated increase in the friction drag, over surfaces such as riblets and
permeable substrates (García-Mayoral & Jiménez, 2011; Gómez-de-Segura & García-Mayoral,
2019). The increase, and the eventual asymptoting, of the Reynolds shear stresses with
increasing canopy heights over the canopies of family H can be observed in figure 4.9(e).
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FIGURE 4.10 Pre-multiplied spectral energy densities of the full wall-normal velocity, kxkzEv′v′ ,
at height y+ ≈ 15 normalised by their respective rms values. The line contours represent
(a–e) cases S10 to S48; (f–j) cases H16 to H128; and (k–o) cases G10 to G100. The shaded
contours represent case the smooth-wall case, SC. The contours are in increments of 0.06 for
all the cases.
The shift in the mean-velocity profile for these canopies, which reflects the increase in drag,
can be observed in figure 4.9(b). The above discussion suggests that the growth of the
Kelvin–Helmholtz-like instability is, in large part, responsible for the changes observed in the
velocity fluctuations, Reynolds shear stresses and friction drag for the fixed-spacing canopies
of family H and that the effect of the element-induced flow is secondary.
The growth of the Kelvin–Helmholtz-like instability near the canopy-tip plane with in-
creasing canopy height also contributes to the increase in the wall-normal velocity fluctuations
within the canopy observed in figure 4.7(e). This is demonstrated by the wall-normal spectral
energy densities of the flow within the canopies, portrayed at y+ ≈ −10 for all the canopies
of family H, in figures 4.11(a–e). Note that in calculating the spectra for a region with solid
obstacles, we have implicitly assumed that the obstacles are fluid regions with zero flow
velocity. As discussed in the previous paragraph, for case H16 the instability is inhibited by
the proximity of the canopy-base wall, and the flow above shows similarities to a smooth-wall
flow. The energy density within the canopy at y+ ≈ −10 for this case also shows some
overlapping regions with the smooth-wall spectra, with additional energy in the wavelengths
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FIGURE 4.11 Pre-multiplied spectral energy densities of the full wall-normal velocity, kxkzEv′v′ ,
for (a–e) cases H16 to H128 at a height of y+ ≈ −10; and (f–j) cases S10 to S48 at a height
of y+ ≈ −40. The contours are normalised by the rms values of their respective cases. The
shaded contours are of case SC at a height of y+ ≈ 1, for reference. The contours are in
increments of 0.075 for all the cases.
associated with the Kelvin–Helmholtz-like instability. The smooth-wall spectra displayed for
reference correspond to y+ ≈ 1, which is as low as possible while yielding a non-negligible
energy, since no direct comparison with y+ ≈ −10 is possible. We also observe some energy in
the spanwise wavelength corresponding to the canopy spacing and a broad range of streamwise
wavelengths. These regions can be attributed to the modulation of the element-induced
flow by the larger scale fluctuations induced by the instability or the overlying turbulence
(Abderrahaman-Elena et al., 2019). This suggests that the fluctuations within a short canopy
result mainly from the penetration of the overlying turbulence, with additional contributions
from the Kelvin–Helmholtz-like instability and the element-induced flow. As the canopy
height is increased, and the instability becomes stronger, the deviations in the spectral
energy densities from smooth-wall flow become larger. The fluctuations within the canopy
in cases H32 to H128 arise mainly from large spanwise wavelengths, likely originating from
the Kelvin–Helmholtz-like instability near the canopy-tip plane, along with a contribution
of the modulated element-induced flow discussed above. The increasing signature of the
instability within the canopy with increasing element height can also be observed in the
instantaneous realisations of the wall-normal velocity at y+ ≈ −10, portrayed in figure 4.12.
The presence of large spanwise wavelengths deep within the canopy can also be noted for
the canopies of family S, whose spectral energy densities and realisations of wall-normal
velocity at y+ ≈ −40 are portrayed in figures 4.11(f–j) and 4.12, respectively. It is also
worth noting that even in canopies with small element spacings, such as that of case S10,
the wall-parallel velocity fluctuations decay rapidly below the canopy-tip plane, but the
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FIGURE 4.12 Instantaneous realisations of the wall-normal velocity at y+ = −10 (left column)
and y+ = −40 (right column), normalised by uτ . From top to bottom, the left column
represents cases H16 to H128; and right column, cases S10 to S48. The clearest and darkest
colours indicate intensities of ±(0.1, 0.2, 0.3, 0.3, 0.3) in the left column and, from top to
bottom, ±(0.05, 0.2, 0.4, 0.4, 0.5) in the right column.
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wall-normal velocity fluctuations decay much slower, as shown in figure 4.7. This is also
illustrated by the velocity fluctuations of the canopies of family H, where the wall-normal
velocity fluctuations within the canopy require larger canopy heights to asymptote compared
to the wall-parallel fluctuations. The presence of wall-normal fluctuations deep within the
canopy is a reflection of the canopy layout obstructing the wall-normal flow less than the
tangential flow. It will be shown in §5.3 that, for the present canopies, the effective drag
coefficient in the tangential directions can be up to three times larger than in the wall-normal
direction. Within a canopy with a large height, the only mechanism to inhibit the velocity
fluctuations away from the canopy base is through the effect of the canopy drag. As the
canopy geometries studied here exert more drag on the wall-parallel flow than the wall-normal
flow, u′ and w′ decay faster than v′ within the canopy.
The formation of the Kelvin–Helmholtz-like instability over canopies is also affected by
the spacing between elements. To study this effect, we compare the pre-multiplied spectral
energy densities of the wall-normal velocities for the canopies of family S, which have a
constant height and different element spacings. For the canopy with the smallest spacing, S10,
the energetic wavelengths in the flow at y+ ≈ 15 are similar to those in smooth-wall flows,
and the footprint of the instability in the flow is weak, as shown in figure 4.10(a). As the
element spacing is increased, there is an increase in the energy in wavelengths associated with
the Kelvin-Helmholtz-like instability. This suggests that this instability is inhibited in very
dense canopies, possibly due to the large drag they exert on the velocity fluctuations (White
& Nepf, 2007; Sharma et al., 2017). In addition to the increase in the energy associated
with the instabilities, the increase in element spacing also results in a progressive decrease in
the overlapping regions in the energy densities of the canopy and smooth-wall flows, with a
reduction in the energy in large streamwise wavelengths λ+x ≳ 700. We also observe that, while
in the canopies of family H the streamwise wavelength of the instability was roughly constant
independently of the canopy height, the increase in the element spacing results in an increase
in the streamwise wavelength of the instability from λ+x ∼ 140 for case S10 to λ+x ∼ 280 for
case S48. If the element spacing was increased further, the Kelvin–Helmholtz-like instability
would eventually weaken, and for sparse enough canopies the flow within would begin to
resemble smooth-wall flow perturbed by the element-induced flow of the isolated canopy
elements as demonstrated in chapter 3 and in previous studies of sparse canopy flows (Poggi
et al., 2004; Pietri et al., 2009; Huang et al., 2009).
Finally, let us focus on the self-similar canopy geometries of family G. The effect of
increasing the size of the canopy elements produces similar effects on the pre-multiplied
spectral energy densities as for the canopies of family S, discussed in the previous paragraph.
For the densest canopy, G10, the spectral energy densities at y+ ≈ 15 collapse with those
over a smooth wall, as shown in figures 4.13(a–d). As the size of the canopy is increased, we
observe a stronger footprint of the Kelvin–Helmholtz-like instability in the energy densities,
and there is also a progressive increase in the streamwise wavelengths associated with the
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FIGURE 4.13 Pre-multiplied spectral energy densities at y+ ≈ 15 normalised by their respective
rms value. The line contours represent (a–d) case G10; (e–h) case G40; (i–l) case G100. The
filled contours represent case SC. The contours in (a, e, i), (b, f , j), (c, g, k) and (d, h, l)
are in increments of 0.075, 0.06, 0.07, and 0.1, respectively.
instability. We also use the canopies of family G to illustrate the effect of increasing the
canopy size on the spectral energy densities of the streamwise and spanwise fluctuations, and
the Reynolds shear stresses, portrayed in figure 4.13. The distinct region in the wall-normal
spectral energy densities associated with the Kelvin–Helmholtz-like instability is not apparent
in the energy densities of the other velocity fluctuations and the Reynolds shear stresses. As
the canopy size increases, we observe an increase in the energy in streamwise wavelengths
associated with the instability, along with a general increase in the energy in large spanwise
wavelengths compared to smooth-wall flows. We can also observe these effects qualitatively in
the instantaneous realisations of the wall-normal velocity, shown in figure 4.5. For case G10,
the structures observed in the instantaneous flow field are predominantly streamwise-coherent,
as for smooth walls (Kline et al., 1967; Jiménez & Pinelli, 1999). As the canopy size increases,
we observe a gradual breakup of this streamwise coherence and an increase in the presence of
spanwise-coherent structures.
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The results discussed in this section suggest that the growth of the Kelvin–Helmholtz-like
instability depends on both the canopy height and the element spacing. The streamwise
wavelength of the instability, however, seems to depend mainly on the element spacing. The
streamwise wavelength of the Kelvin–Helmholtz-like instability is determined by the shear
length, Ls = U/(dU/dy), calculated at the canopy-tip plane (Raupach et al., 1996; White &
Nepf, 2007; Nepf, 2012). Nepf et al. (2007) showed that the shear length Ls in canopy flows,
in turn, is determined by the mean streamwise canopy drag coefficient. Intuitively, in tall,
dense canopies, we would expect this drag coefficient to be a function of the element spacing.
Therefore, the canopies of family H, which have a constant element spacing, will have similar
mean drag coefficients and, consequently, similar instability wavelengths, as observed in the
spectral energy densities of the fixed-spacing canopies. For the canopies of families S and G,
increasing the element spacing would decrease the canopy drag coefficient, thereby resulting
in the larger instability wavelengths observed. The effect of the canopy spacing on the drag
coefficients and the instability wavelengths will be discussed further in §5.3. With regard
to the effect of the canopy parameters on the intensity of the instability, White & Nepf
(2007) postulated that the growth of the instability over dense canopies was governed by two
competing effects, the shear at the canopy tips and the canopy drag. Canopies with closely
packed elements would result in larger shear and a stronger inflection point at the canopy-tip
plane, which would enhance the instability, but at the same time, a denser canopy would
also produce a larger drag, which would inhibit the instability (Sharma et al., 2017). This
effect is observed for the canopies of families S and G, where increasing the element spacing,
or reducing the canopy drag, results in a stronger footprint of the instability in the flow.
4.3.1 Effect of Reτ on the Kelvin–Helmholtz-like instability
It was shown in §4.1.1, that the turbulent fluctuations over dense canopies scale in friction
units, and therefore similar results are obtained when simulating canopies with the same
height and spacing in friction units at different friction Reynolds numbers. In this section,
we expand discussion in §4.1.1 to discuss the effect of changing the friction Reynolds number
on the Kelvin–Helmholtz-like instability over dense canopy flows. It can be observed in
figure 4.4(b) that the signature of this instability in simulations H32180 and H32400 are
essentially the same, and that the associated streamwise wavelength for both cases is roughly
λ+x ≈ 150. As discussed above, the wavelength and amplification of the instability are
governed by the shear at the canopy tips. As the canopy parameters for cases H32180 and
H32400 are kept constant in friction units, we can also expect the shear at the canopy tips
to also be similar. Therefore, the instability characteristics for both these canopies are
essentially the same when scaled in friction units. A similar behaviour has been reported for
Kelvin–Helmholtz-like instabilities originating over riblets (García-Mayoral & Jiménez, 2012)
and permeable substrates (Gómez-de-Segura & García-Mayoral, 2019).
Chapter 5
Analysis of Kelvin–Helmholtz-like
instabilities over dense canopies
Parts of this chapter have been published in Flow, Turbulence and Combustion, 100 (4),
995–1014, with Garazi Gómez-de-Segura and Ricardo García-Mayoral as co-authors. The
work presented in §5.1 was done in collaboration with Garazi Gómez-de-Segura.
In chapter 4, the appearance of Kelvin–Helmholtz-like instabilities was observed in the flow
for certain dense canopy configurations. In this chapter, we present models based on linear
stability analysis to capture these instabilities. The effect of changing canopy parameters on
the formation of the instabilities is investigated. Owing to the spanwise coherent nature of
the Kelvin–Helmholtz-like instability, we will only consider two-dimensional domains. The
effect of the canopies on the flow is modelled using two methods. In the first, the canopy is
modelled as an anisotropic permeable substrate governed by Brinkman’s equation (Brinkman,
1949). Canopy-like substrates would provide less resistance to the flow in the wall-normal
direction than the streamwise direction, and therefore will have a ratio of the streamwise and
wall-normal permeabilities less than one. The stability analysis is conducted on a turbulent
mean profile in a channel, with the canopies represented by boundary conditions derived from
the analytic solution of Brinkman’s equations applied at the location of the canopy-tip plane.
From this analysis, we find that, for deep substrates, the parameter governing the instability
is the geometric mean of the streamwise and wall-normal permeabilities. We also use this
model to study the effect of a mean inclination of the canopy elements on the instability. The
methodology used and the results obtained for the permeable substrate model are discussed
in §5.1. In the second method, the effect of the canopy is modelled as a drag force in the
Navier-Stokes equations. Different from the permeable substrate model, the drag force model
also represents the mean flow within the canopies. We find that the drag-force model provides
a more realistic representation of the instabilities for canopies with very low drag or high
permeabilities values. The methodology and results for this model are presented in §5.2. In
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the final part of the chapter, §5.3, we compare how well the predictions for the instabilities
from the drag model compare with the instabilities observed in the DNSs.
5.1 Permeable-substrate model
In this section, we present the results obtained from a temporal, linear stability analysis of a
turbulent mean flow in a symmetric channel bounded by canopies. We will only consider
very dense canopies which preclude the penetration of turbulent fluctuations within them. In
addition, we also assume that the element spacings are small enough to ensure that inertial
effects within the canopy would be negligible. For such canopies, it would be reasonable to
assume that the flow within is governed by Brinkman’s equation. These equations are solved
analytically to obtain a general relation for the velocities and pressure at the canopy free-flow
interface. This relation is then used to provide boundary conditions for the flow above the
canopy-tip plane. Note that the effect of the canopies on the overlying flow is represented
entirely by this boundary condition in this analysis.
5.1.1 Solution of Brinkman’s equation
The flow within the canopies is assumed to be governed by Brinkman’s equation along with
the continuity equation
ν˜∇2u− νK−1u−∇p = 0, (5.1)
∇ · u = 0, (5.2)
where u is the velocity vector, p is the pressure, K−1 is the inverse permeability tensor, ν is
the fluid, or the pore-scale, viscosity, and ν˜ is an effective macroscale viscosity, which depends
on the geometry of the substrate. For canopy-like substrates, where the flow within and
outside the substrate is well-connected, that is, where shear can be effectively communicated
across the canopy-flow interface, it is reasonable to set ν˜ = ν (Abderrahaman-Elena &
García-Mayoral, 2017; Lévy, 1983; Auriault, 2009). As the domain considered is periodic in
x, we take a Fourier transform in this direction of equations (5.1) and (5.2) to yield
ν
d2uˆ
dy2 − ν
(
α2 + 1
Kx
)
uˆ− iαpˆ = 0, (5.3)
ν
d2vˆ
dy2 − ν
(
α2 + 1
Ky
)
vˆ − dpˆdy = 0, (5.4)
iαuˆ+ dvˆdy = 0, (5.5)
where the hatted variables are in Fourier space, α is the streamwise wavenumber, and Kx
and Ky are the streamwise and wall-normal permeabilities of the canopy, respectively. These
5.1 Permeable-substrate model 73
equations can then be reduced to a single, fourth-order ordinary differential equation for the
pressure
d4pˆ
dy4 −
d2pˆ
dy2
(
2α2 + 1
Kx
)
+ pˆ
(
α4 + α
2
Ky
)
= 0. (5.6)
Equation (5.6) has the characteristic roots
±r1 = ±
√√√√√2α2Kx + 1 +
√
4α2Kx
(
1− KxKy
)
+ 1
2Kx
, (5.7)
±r2 = ±
√√√√√2α2Kx + 1−
√
4α2Kx
(
1− KxKy
)
+ 1
2Kx
. (5.8)
These roots, apart from the case where r1 = r2, yield solutions to equation (5.6) of the form
pˆ = A1 exp(r1y) +A2 exp(−r1y) +A3 exp(r2y) +A4 exp(−r2y), (5.9)
where the constants Ai are obtained by applying no-slip and impermeability conditions at
the bottom boundary of the canopies y = −h, and continuity of pressure and shear at the
top boundary of the canopy elements, y = 0. We obtain solutions of similar forms for uˆ
and vˆ by substituting the expression for pˆ into equations (5.3)–(5.5). This solution to the
Brinkman’s equation splits into two qualitatively distinct branches depending on whether
Kx/Ky is greater or less than 1 + 1/(4α2Kx). If Kx/Ky is greater than this value, then the
roots r1 and r2 are complex conjugates, and if it is less than this value, r1 and r2 are real.
In the case of canopies we expect smaller streamwise permeabilities than wall-normal ones,
Kx/Ky < 1, and with small streamwise permeabilities, so we will mainly focus on the latter
condition. Permeable substrates in the opposite limit, Kx/Ky > 1, can be used to reduce
turbulent skin friction drag, and the results from this limit are discussed in Gómez-de-Segura
& García-Mayoral (2019) and Gómez-de-Segura (2019).
In flows governed by Brinkman’s equation, the region within the substrate near the
substrate-fluid interface is characterised by a penetration depth or the ‘Brinkman boundary-
layer’, which is the thickness of the high shear region below the interface. This penetration
depth for the mean flow into isotropic permeable substrates is observed to scale with the
square root of the substrate permeability (Saffman, 1971; Battiato, 2012). In the present
analysis, however, we consider substrates with anisotropic permeabilities, Kx and Ky, and
also scales other than the mean, characterised by their wavenumber, α. In such cases we
observe the penetration depth, Lp, to be set by the characteristic roots of equation (5.9),
r1 and r2. For the cases with Kx/Ky < 1, we find that the penetration depth is given
by Lp = 1/r2. This is illustrated in figure 5.1, which shows that the normalised velocity
and pressure profiles within the permeable substrate collapse when Lp is used to scale the
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FIGURE 5.1 Normalised velocity and pressure profiles within the substrate, with the wall-
normal coordinate scaled by (a–c) the substrate thickness, h+ = 250, and (d–f) Lp = 1/r2
from equation (5.8). The blue and red lines represent substrates with K+x = 1 and 10,
respectively; , Kx/Ky = 10−1; , 10−1.5; +, λ+ = 2π/α ≈ 150; and , λ+ ≈ 30.
wall-normal coordinate. In the limit where Kx/Ky << 1 and Kxα2 < 1, the expression for
Lp reduces to
Lp =
(
α
√
Kx/Ky + α2Kx
)−1
. (5.10)
This suggests that the depth of penetration of the overlying flow into the canopy, even for
very low permeability ratios, is set by both Kx and Ky along with the wavelength of the
overlying perturbation. For the mean flow, however, this depth is still given by Lp =
√
Kx,
which is obtained by substituting α = 0 in the expression for r1 given in equation (5.7).
5.1.2 Governing equations within the channel
The flow within the channel, between the canopy tips, is governed by the Navier-Stokes
equations. For the purposes of the stability analysis, these equations are linearised about a
mean flow, U(y). The mean flow used here is an approximation of a smooth channel turbulent
flow profile given by
d
dy
(
[ν + νT (y)]
dU
dy
)
− dPdx = 0, y ∈ [0, 2δ] (5.11)
5.1 Permeable-substrate model 75
where νT (y) is the height-dependent eddy viscosity proposed by Cess (1958) to approximate
turbulent smooth-channel flow and ν is the molecular viscosity. This profile has also been used
to perform stability analysis over permeable substrates (Jimenez et al., 2001; Abderrahaman-
Elena & García-Mayoral, 2017) and riblets (García-Mayoral & Jiménez, 2011). Note that
using a smooth-wall mean profile assumes that the canopy elements are very closely packed,
and do not allow the overlying turbulence to penetrate within the canopy. Gómez-de-Segura
(2019) has compared the results from an inviscid and viscous stability analysis for the domain
considered here and observed that both analysis yield similar results, as the Kelvin–Helmholtz
instability is essentially an inviscid phenomenon. Therefore, we only discuss results from an
inviscid analysis here. The governing equations for the inviscid stability analysis are
∂u
∂t
+ U ∂u
∂x
+ U ′v = −∂p
∂x
, (5.12)
∂v
∂t
+ U ∂v
∂x
= −∂p
∂y
, (5.13)
∂u
∂x
+ ∂v
∂y
= 0, (5.14)
where small letters denote fluctuating components and the capital letters denote mean
quantities. The prime symbol denotes the derivative with respect to the wall-normal direction.
Assuming wavelike solutions of the form y = v˜ei(αx−ωt), the above equations can be reduced
to Rayleigh’s equation (Drazin & Reid, 1998; Schmid & Henningson, 2012)
[αU(D2 − α2)− αU ′′]v˜ = ω(D2 − α2)v˜. (5.15)
where D represents the operator d/dy. Equation (5.15) is an eigenvalue problem, which is
solved numerically for complex values of ω and for real values of the wavenumber, α, using
Chebyshev pseudospectral discretisation. The real part of ω, ωr, gives the angular frequency
of the instability, and its imaginary part, ωi, gives the instability growth rate. The instability
is considered to be amplified in the flow for positive values of ωi.
As mentioned in the introduction to this chapter, the flow within the canopies and in
the channel are coupled by means of a boundary condition at the canopy-flow interface.
This boundary condition is obtained by taking the value of the expression for v within the
substrate at the interface, y = 0, for a given overlying shear and pressure. As the overlying
flow considered is inviscid, the shear is set to zero, which yields the impedance condition
v˜|y=0 = −βp˜|y=0, where β is a function of Kx, Ky, h and α. Note that a similar boundary
condition was also used in the studies of Jimenez et al. (2001) and Abderrahaman-Elena &
García-Mayoral (2017) to represent permeable substrates. Substituting this value for the
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FIGURE 5.2 Contours of the stream function for the most amplified mode for canopy with
height, h+ = 100, streamwise permeability, K+x = 4 and anisotropy ratio Kx/Ky = 10−1.
The blue and red lines correspond to clockwise and counter-clockwise rotation, respectively.
The horizontal line marks the location of the canopy tips.
pressure in equation (5.12), we obtain(
α(UD− U ′)− iα
2
β
)
v˜ = ωDv˜, (5.16)
which is the boundary condition used to solve equation (5.15). Note that in the mean velocity
profile of a real canopy there would be some non-zero mean velocity at the canopy tips,
whereas it is zero for the smooth-wall-like Cess profile used. It was noted by García-Mayoral
& Jiménez (2011) and Gómez-de-Segura et al. (2018a), however, that adding a slip velocity at
the interface only affects the angular frequency of the instability, ωr, and not the instability
growth rate, ωi, in which we are primarily interested.
5.1.3 Effect of varying canopy parameters on instability
The relaxation of the impermeability boundary condition at the channel walls by applying the
boundary condition given by equation (5.16), results in the growth of a Kelvin–Helmholtz-like
instability in the channel, originating at the canopy-channel interface (Jimenez et al., 2001;
Abderrahaman-Elena & García-Mayoral, 2017). This instability can be visualised through
the contours of the streamfunction of the eigenvector corresponding to the most amplified
eigenvalue, obtained from the stability analysis, portrayed in figure 5.2. The canopy instability
takes the form of alternating clockwise and counter-clockwise rollers characteristic of the
Kelvin–Helmholtz-like instability.
The instabilities with the highest growth rate, for a wide range of substrate permeabilities
occur at a wavelength of λ+x ≈ 60, as shown in figure 5.3(a), similar to the results of
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FIGURE 5.3 (a) Growth rate, ω+i , as a function of the instability wavelength λ+x for canopies
with h+ = 100 and Kx/Ky = 10−1 for varying permeabilities and friction Reynolds numbers.
From red to blue permeabilities increase from K+x = 0.5 to 105. The lines represent ,
Reτ = 1000; , Reτ = 550; and , Reτ = 180. (b) Growth rate of wavelength with
maximum amplification as a function of the streamwise permeability for different friction
Reynolds numbers. The colours from red to blue represent Reτ = 1000, 550 and 180.
García-Mayoral & Jiménez (2011) and Abderrahaman-Elena & García-Mayoral (2017). The
wavelength of the Kelvin–Helmholtz-like instability is generally set by the shear-layer thickness
at the canopy-tip plane (Raupach et al., 1996; White & Nepf, 2007; Nepf, 2012). The shear-
layer thickness, in turn, is set by the shape of the mean velocity profile. For a Cess profile,
this thickness is set by the height above the interface where the vorticity gradient peaks,
y+c ≈ 5–10, (García-Mayoral & Jiménez, 2011). The similarities in the instability wavelength
observed in the present study and the studies of García-Mayoral & Jiménez (2011) and
Abderrahaman-Elena & García-Mayoral (2017) are, therefore, a possible consequence of using
the same mean-velocity profile to perform the stability analysis. García-Mayoral & Jiménez
(2011) also noted that as the location of this peak scales in viscous units, the instability also
scales in viscous units. This is also demonstrated in figure 5.3, which shows that the results
of the stability analysis for substrates with the same parameters in viscous units at different
friction Reynolds numbers are essentially the same. The scaling of the Kelvin–Helmholtz-like
instability in viscous units was also noted in the results of the DNSs, discussed in chapter 4.
It may be noted here that the wavelengths predicted by the current analysis, λ+x ≈ 60, are
about half the smallest instability wavelength observed in the dense canopy DNSs, λ+x ≈ 100.
A factor of two difference between the predictions of the stability analysis and the DNSs
was also noted by García-Mayoral & Jiménez (2011). The underprediction of the instability
wavelength is likely due to the fact that the analysis does not have information of the
mean-velocity profile within the canopy, and consequently, the contribution of the shear-layer
within the canopy to the instability wavelength is ignored.
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FIGURE 5.4 Growth rate of wavelength with maximum amplification as a function of the
streamwise permeability for substrates with Kx/Ky = 10−1 for different canopy heights; from
red to blue, lines indicate h+ = 10, 20, 50 and 100.
We observe that, for a fixed canopy height, increasing the permeability of the canopy
results in a larger instability growth rate, as shown in figure 5.3. The growth rate asymptotes
for very large permeabilities. It was noted by Jimenez et al. (2001), that in the limit of
very large permeabilities the boundary condition used to represent the canopies acts as a
mirror condition. The analysis then becomes equivalent to that of a free-shear layer, which
provides the maximum instability growth rate. Note that in a real canopy this limit is not
achievable, as for very large permeabilities we would recover smooth wall like flow within the
canopy region as well, similar to the sparse canopies discussed in chapter 3. This asymptotic
behaviour is therefore also a consequence of not representing the mean flow within the canopy
region in the analysis. For canopies with very low permeabilities, we observe the amplification
of a high wavelength, secondary instability is predicted, as can be observed in figure 5.3,
which will be discussed further in §5.2.3.
Varying the canopy height also has an effect on the instability growth rates. In short
canopies, the instability is likely restricted by the impermeability condition at the canopy
base (Huerre, 1983; Healey, 2009), and therefore result in a smaller asymptotic growth rate
at large permeabilities, compared to deep canopies, as illustrated in figure 5.4. The effect of
the height asymptotes, when the height becomes larger than the penetration depth of the
flow within the canopy, discussed in §5.1.1.
We also find that the effect of varying the different canopy parameters on the instability
with the largest growth rate can be characterised by a single, empirically fitted parameter
κ+Br =
√
K+x K
+
y tanh
(
h
2yc
√
Kx
Ky
)
tanh2
(
h√
Kx
)
,
Kx
Ky
≲ 1. (5.17)
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FIGURE 5.5 Growth rate of the wavelength with maximum amplification as a function of (a)
κ+Da and (b) κ
+
Br for different canopy heights and anisotropy ratios. The colours from red to
blue represent Kx/Ky = 100, 10−1 and 10−2; , h+ = 10; and , h+ = 100.
It can be observed in figure 5.5(b), that the growth rates of the most amplified instability
wavelength for canopies with widely varying heights and permeabilities essentially collapse
when plotted against κBr. Note that the above parameter is only valid for cases where
Kx/Ky < 1. The parameter governing the instability in the opposite limit is
√
K+y , and
this limit is discussed in Gómez-de-Segura et al. (2018a) and Gómez-de-Segura (2019). For
canopies with large heights, this expression can be simplified to
κ+Br ≈
√
K+x K
+
y . (5.18)
Therefore, the present analysis suggests that the growth of the Kelvin–Helmholtz-like
instability over canopies depends on both their streamwise and wall-normal permeabilities.
Abderrahaman-Elena & García-Mayoral (2017), who performed stability analyses for flow
over substrates governed by Darcy’s equation observed that the parameter characterising the
instability in such flows was
κ+Da =
√
K+x K
+
y tanh
(
h
yc
√
Kx
Ky
)
, (5.19)
which, for large enough substrate heights, gives the leading order parameter
√
K+x K
+
y , the
same as the one obtained for substrates governed by Brinkman’s equation. The parameter
given by equation (5.19) cannot capture the instability behaviour over substrates with small
heights, as can be observed in figure 5.5(a). However, while the analysis of Abderrahaman-
Elena & García-Mayoral (2017) predicted the same parameter,
√
K+x K
+
y , characterising the
instability for substrates with Kx/Ky ≶ 1, in substrates governed by Brinkman’s equation, it
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FIGURE 5.6 Variation of the pressure within a substrate governed by Darcy’s equation ( )
and Brinkman’s equation ( ); with the blue lines representing Kx/Ky = 10−2 and red lines
Kx/Ky = 102.
was found that K+y governs the instability for substrates with Kx/Ky > 1 (Gómez-de-Segura
et al., 2018a). This dichotomy in the instability characteristics can be explained by the
pressure profiles within the different types of substrates. We compare the pressure profiles for
substrates governed by both Brinkman’s and Darcy’s equations, with Kx/Ky greater than
and less than one, in figure 5.6. We observe in this figure that in streamwise-preferential
substrates, the pressure decays quickly below the substrate-flow interface owing to their small
wall-normal permeabilities. This results in a large pressure gradient in this region, which
would, in turn, result in large scale diffusive effects near the interface that cannot be captured
by Darcy’s equation. For wall-normal-preferential substrates like canopies, however, the
decay in the pressure below the substrate-flow interface is very gradual. We would, therefore,
expect the large scale diffusive effects to be small, which is reflected by the fact that both
Darcy’s and Brinkman’s equations yield qualitatively similar results for such substrates.
5.1.4 Effect of canopy element inclination
We now investigate the effect that a mean inclination of the canopy elements would have on
the instability characteristics. Such an arrangement would be akin to a flexible canopy, with
low stiffness, bending under a mean flow, or a canopy with slanted elements. Although in
the bending of flexible canopies the height of the canopies would change as they are bent,
presently we ignore this effect and the change in height is considered as a different parameter.
A schematic of the canopy arrangement studied is portrayed in figure 5.7. For such canopies,
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FIGURE 5.7 Schematic representation of rigid canopy elements rotated by an angle θ from
the vertical.
the inverse permeability tensor is given by
K−1 =
 cos2 θKx + sin2 θKy sin θ cos θ( 1Kx − 1Ky )
sin θ cos θ( 1Kx − 1Ky ) sin
2 θ
Kx
+ cos2 θKy
 = [ 1K11 1K121
K21
1
K22
]
, (5.20)
where Kx and Ky are the permeabilities in the principal directions of a canopy with ele-
ments aligned perpendicular to the flow, and θ is mean rotation angle measured from the
perpendicular of the rotated canopy elements. The modified Brinkman’s equation for such
configurations can be obtained by substituting the value of K−1 from equation (5.20) into
equation (5.1). The modified Brinkman’s equations are solved analytically as before. The
coupling of the flow within the canopies and the channel is also through the impedance
boundary condition described in §5.1.2. We find that rotating the canopy elements does not
have a significant effect on the instabilities for rotation angles upto 30◦, even for canopies
with very small values of Kx/Ky, as shown in figure 5.8. Beyond a rotation angle of 45◦,
the ratio of the permeabilities in the principal directions for the rotated canopies, K11/K22,
becomes larger than one and the substrate becomes streamwise preferential. In addition,
the element rotation has a larger effect on the instability for small canopy heights, with an
increase in their growth rate observed with increasing rotation angles. The variation in the
canopy heights which would result as a consequence of the element rotation may have a larger
effect on the instability. Canopies with small heights result in weaker instabilities owing to
the blocking effect of the bottom wall, as discussed in §5.1.3.
5.2 Drag-force model
The analysis conducted using the permeable-substrate model did not include the effect of
the mean velocity profile within the canopies in the stability analysis. As a consequence, the
permeable-substrate model did not have information about the shear-layer thickness within
the canopy, which may have led to this model under-representing the instability wavelength.
In addition, the permeable-substrate model could not represent well the instabilities in
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FIGURE 5.8 Growth rate of the wavelength with maximum amplification as a function of
streamwise permeability for different element rotation angles, θ for (a) Kx/Ky = 10−1 and
(b) Kx/Ky = 10−3. The colours from red to blue represent θ = 0◦, 30◦, 45◦, 60◦ and 90◦; ,
h+ = 10; and , h+ = 100.
canopies with large permeabilities. In this section, we present a model which represents the
canopy elements in the stability analysis using a drag force in the Navier-Stokes equations.
5.2.1 Governing equations
We study the stability of flows in symmetric channels with canopy elements on both walls.
For the purpose of the stability analysis, we model the effect of the canopy using a drag force
in the Navier-Stokes equations, which results in the following governing equations
∂u
∂t
+ u ·∇u = −∇p+ ν∇2u− Ciu, (5.21)
∇ · u = 0, (5.22)
where Ci is the effective canopy drag coefficient in each ith direction, with i = {x, y}, assumed
to be homogeneous over the entire canopy and zero outside it, as in Singh et al. (2016).
Linearising the equations (5.21) and (5.22) around the mean flow, U(y), yields
∂u
∂t
+ U ∂u
∂x
+ vU ′ = −∂p
∂x
+ ν∇2u− Cxu, (5.23)
∂v
∂t
+ U ∂v
∂x
= −∂p
∂y
+ ν∇2v − Cyv, (5.24)
∂u
∂x
+ ∂v
∂y
= 0. (5.25)
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These equations are used to obtain a modified Orr-Sommerfeld equation (Drazin & Reid,
1998; White & Nepf, 2007; Singh et al., 2016; Zampogna et al., 2016),
(
∂
∂t
+ U ∂
∂x
+ Cy
)
∇2v − ν∇4v = U ′′ ∂v
∂x
− (Cx − Cy)∂
2v
∂y2
. (5.26)
Assuming wavelike solutions of the form v = v˜ei(αx−ωt), equation (5.26) reduces to the
eigenvalue problem
(αU − iCy)(D2 − α2)v˜ − αU ′′v˜ − i(Cx − Cy)D2v˜
+ iν(D4 − 2α2D2 + α4)v˜ = ω(D2 − α2)v˜, (5.27)
where the prime superscript denotes differentiation with respect to y, and D represents the
operator d/dy. Equation (5.27) is solved to obtain ω for real values of α, subject to no-slip
and impermeability boundary conditions at the walls at the base of the canopies at the top
and bottom of the channel. The instability is amplified for positive values of the imaginary
part of ω. We use a compact finite difference algorithm to discretise equation (5.27), as it
allows greater flexibility in determining the grid resolutions within the canopy, unlike the
discretisation used in the permeable substrate model that required the use of Chebyshev
collocation points which cluster near the channel boundaries.
In order to model the mean velocity profile in dense canopy flows we make the following
assumptions. We only consider canopies with small element spacings so that the magnitude
of inertial effects within the canopies would be small and are thus neglected. In addition,
we also assume that turbulent stresses do not penetrate within (Nepf et al., 2007), and are
smooth-wall like above the canopy-tip plane. These assumptions are consistent with the
observations from the DNS of flow over very dense canopies, discussed in chapter 4. The
mean velocity outside the canopy could then be modelled using a smooth-channel eddy
viscosity, with the canopy-tip plane acting as the location of the smooth-wall (Jimenez et al.,
2001; García-Mayoral & Jiménez, 2011; Gómez-de-Segura et al., 2018a; Gómez-de-Segura &
García-Mayoral, 2019). The equation for the mean velocity can then be written as
d
dy
(
[ν + νT (y)]
dU
dy
)
− dPdx = 0, y ∈ [0, 2δ] (5.28)
ν
d2U
dy2 − CxU −
dP
dx = 0, y ∈ [−h, 0) ∪ (2δ, 2δ + h] (5.29)
where equation (5.28) is valid outside the canopy region and (5.29) within it. Cx(y) is the
average streamwise canopy drag coefficient, which is assumed constant within the canopy
and zero outside, νT (y) is the eddy-viscosity proposed by Cess (1958) and is non-zero only
outside the canopy, and ν is the molecular viscosity.
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FIGURE 5.9 (a) Growth rate, ω+i , as a function of the instability wavelength λ+x for canopies
with h+ = 100 and Cx/Cy = 101 for different drag coefficients. From blue to red the colours
represent C+x ≈ 10−5, 10−3, 10−2 and 10−1. (b) Growth rate of wavelength with maximum
amplification as a function of the streamwise drag coefficient. The lines represent , viscous
analysis with eddy viscosity; , molecular viscosity alone; and , inviscid analysis.
5.2.2 Comparison of viscous and inviscid analysis
We now compare the results from an inviscid and viscous stability analysis of turbulent flow
over canopies, performed using the method described above. As the Kelvin–Helmholtz-like
instability is essentially an inviscid phenomenon, its main features can be captured using an
inviscid stability analysis. The inclusion of viscosity in the analysis, however, results in some
modification of the instability characteristics. The major effect of viscosity is on the small
wavelengths in the flow, λ+x ∼ 10, which were marginally unstable in the inviscid analysis,
but are stable in the viscous analysis, as can be observed in figure 5.9. The damping of small
instability wavelengths by viscosity also results in the shift of the most amplified instability
wavelength to larger scales and a reduction in the maximum growth rate of the instability,
which is most significant for canopies with large drag coefficients. We have also conducted
stability analyses including the effect of the eddy viscosity outside the canopy region. The
results are essentially the same as the ones obtained using molecular viscosity alone, apart
from a slight reduction in the instability growth rates, as can be observed in figure 5.9. The
eddy viscosity does not have a larger effect on the instability likely because the flow near the
canopy-tip plane, where the instability originates, is predominantly viscous and the value of
νT is close to zero. As the inclusion of νT does not significantly affect the fastest growing
instability wavelength or the peak instability growth rate, we only discuss the results the
analyses including the molecular viscosity alone in the following sections.
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FIGURE 5.10 Growth rate of wavelength with maximum amplification as a function of the
streamwise drag coefficient for different friction Reynolds numbers for canopies with h+ = 10
and Cx/Cy = 101. The colours from blue to red represent Reτ = 1000, 550 and 180.
5.2.3 Effect of canopy parameters on the instability
We now study the effect of changing the canopy parameters on the Kelvin–Helmholtz-like
instability. The effect of the spacing and the shape of the canopy elements are modelled
through the mean canopy drag coefficients, Cx and Cy, and the canopy height, h. We only
consider rigid canopy elements aligned normal to the flow direction, which would obstruct the
streamwise flow more than the wall-normal flow, that is, with anisotropy ratios Cx/Cy ≳ 1.
The stability analysis using the drag model reaffirms that the canopy-flow instability scales
in friction units measured at the canopy-tip plane. This is illustrated in figure 5.10, which
shows that the instability growth rate for canopies with fixed parameters in friction units are
essentially the same for different friction Reynolds numbers. The predicted instability growth
rates for Reτ = 180 are slightly smaller than those for higher friction Reynolds numbers, but
the same trends are observed. Over very dense canopies, such as those considered presently,
this shear is also used to define the friction velocity that scales the overlying turbulence, as
discussed in chapter 4. As noted in previous canopy studies, the canopy-flow instability also
scales with the shear at the canopy-tip plane (Raupach et al., 1996; Finnigan, 2000; Nepf,
2012), which results in the observed scaling of the instability in friction units.
For canopies with large drag coefficients or low permeabilities, the results obtained from
permeable-substrate and drag-force model are qualitatively similar. In the case of canopies
with very large drag coefficients, we obtain low instability growth rates. As the drag coefficient
is decreased, initially we observe an increase in the growth rate of the instability similar to
the results obtained from the permeable substrate model. As the drag coefficient is reduced
further, the growth rate reaches a maximum value and then reduces again, as shown in
figures 5.10 and 5.11. This behaviour of the instability was first noted by White & Nepf
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(2007), who postulated that the growth of the instability over dense canopies was governed
by two competing effects, the shear at the canopy-tip plane, which decides the strength of the
inflection point in the mean velocity profile, and the canopy drag. Canopies with large drags
would result in larger shear at the canopy-tip plane, which enhances the instability. At the
same time, the canopy drag would also inhibit the fluctuations within it, which would weaken
the instability. The strongest canopy-flow instabilities will, therefore, occur at intermediate
values of canopy drag, which are sufficient to maintain a strong enough inflection point in the
mean velocity, while not inhibiting the instability fluctuations excessively. The permeable
substrate model, discussed in §5.1, was unable to capture the variations in the strength of
the inflection point as it did not account for the mean velocity profile within the canopy.
In addition, while the permeable-substrate model predicted a near constant wavelength of
the Kelvin–Helmholtz-like instability, the drag model predicts the increase in the instability
wavelength with a reduction in canopy drag. As noted previously, the wavelength of the
canopy instability scales with the shear-layer thickness at the canopy-tip plane. As we use
the Cess eddy-viscosity to model the effect of turbulence on the mean profile outside of the
canopy, the part of the shear length above the canopy is y+c ≈ 5–10, similar to that for the
permeable substrate model. The shear-layer thickness within the canopy would be set by the
canopy drag (Nepf et al., 2007). Near the canopy tips, if we consider a purely shear driven
flow, equation (5.29) could be written as
ν
d2U
dy2 − CxU = 0. (5.30)
From dimensional arguments, the shear length within the canopy, Ls, would then scale with√
ν/Cx. We compare the correlation between Ls and
√
ν/Cx for canopies with two different
heights for a range of Cx in figure 5.12, which demonstrates that the scaling is Ls ∼
√
ν/Cx
when the drag lengthscale is smaller than the canopy height,
√
ν/Cx < h. In the opposite
limit, the maximum value of Ls is limited by the canopy height. We would, therefore, expect
that the shear layer thickness, and consequently the instability wavelength, would increase
when the drag coefficient is reduced. We can observe this effect in figure 5.11(a), where
for a canopy with a small height the most amplified instability wavelength ranges from
λ+x ≈ 150 for the largest Cx considered, and asymptotes to λ+x ≈ 350 for small values of
Cx. For canopies with a large height, however, there is a deviation from this trend for large
values of canopy drag. In figure 5.11(b), we observe the amplification of a large-wavelength
instability for tall canopies with large drag coefficients. The contours of the instability stream
function for this large-wavelength instability, portrayed in figure 5.13, show that it has a
large wall-normal span extending up to y+ ≈ 100 compared to the instability for a smaller
drag coefficient, which only extends up to y+ ≈ 45. This large-wavelength instability was also
noted by Singh et al. (2016), who performed stability analyses similar to the one conducted
here, except that the canopy was represented by a drag force varying with the square of the
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FIGURE 5.11 Growth rate, ω+i , as a function of the instability wavelength λ+x for canopies
with heights (a) h+ = 10 and (b) h+ = 100 for different drag coefficients. From blue to red
the drag coefficient increases from C+x ≈ 5× 10−5 to 5, with Cx/Cy = 101.
velocity. Singh et al. (2016) noted that their analysis predicted two instability modes, one
similar to the Kelvin–Helmholtz instability and another originating from the canopy drag
included in the analysis. They observed that this secondary instability mode was dominant
for canopies with high drag and spanned the entire width of the channel, and its wavelength
did not scale with the shear length.
The shear length within the canopy and the strength of the inflection point in the mean
velocity profile is governed by the streamwise canopy drag coefficient, whereas both Cx and
Cy contribute to the damping of the fluctuations. In all canopy geometries the anisotropy
ratio, Cx/Cy, would be fixed by the canopy layout and the element shape. However, in
order to examine the relative effect of the drag coefficients on the instability, we consider
canopies with a fixed height, h+ = 100 and three different scenarios for the drag on the
perturbations. In the first we consider isotropic canopies with Cx/Cy = 1, in the second
we apply no wall-normal drag on the perturbations, Cy = 0, and in the third, we perform
analyses which apply a mean streamwise drag alone and no drag on the perturbations,
Cx = Cy = 0. The results of the analysis with Cx/Cy = 1, portrayed in figure 5.14(a), are
similar to those for Cx/Cy = 10, portrayed in figure 5.11(b) and discussed in the previous
paragraph. Comparing the results of the analyses with Cx/Cy = 1 and Cy = 0, reveals that
the addition of wall-normal drag causes a slight increase in the wavelength of the secondary
instability discussed above and causes a reduction in the instability growth rate. When the
effect of both Cx and Cy on the perturbations is neglected we do not observe the presence of
the secondary instability. This is consistent with the observations of Singh et al. (2016), who
noted that the secondary instability originated from the interaction of the canopy drag with
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FIGURE 5.12 Drag lengthscale,
√
ν/Cx, versus the shear-layer thickness within the canopy,
Ls. Symbols represent , h+ = 20; and , h+ = 100. , represents the fit
√
ν/Cx = 0.9Ls.
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FIGURE 5.13 Contours of the stream function for the most amplified wavelength for canopy
with height, h+ = 100, with streamwise drag coefficients (a) C+x ≈ 10−2 and (b) C+x ≈ 1.
The blue and red lines correspond to clockwise and counter-clockwise rotation, respectively.
The horizontal line marks the location of the canopy tips.
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FIGURE 5.14 Growth rate, ω+i , as a function of the instability wavelength λ+x for canopies with
height, h+ = 100 including the effect on the perturbations of (a) both streamwise and wall-
normal drag, Cx = Cy; (b) streamwise drag alone, Cy = 0; and (c) no drag on perturbations,
Cx = Cy = 0. From blue to red the drag coefficient increases from C+x ≈ 5× 10−5 to 5.
the fluctuations in the overlying flow. Therefore, for the analysis with Cx = Cy = 0 only the
Kelvin–Helmholtz-like instability mode is obtained.
The effect of increasing the canopy height on the Kelvin–Helmholtz-like and the secondary
instability are also different, as can be observed in figure 5.15. For the Kelvin–Helmholtz-like
instability, for a fixed canopy drag-coefficient, the growth rate of the most amplified instability
asymptotes for large enough canopy heights. The wavelength of the Kelvin–Helmholtz-like
instability also does not change appreciably with the canopy height as it is determined
by the canopy shear-layer thickness, which remains constant for a fixed value of Cx. The
amplification of the instability wavelengths of the secondary instability, however, does not
show asymptotic behaviour, as shown in figure 5.15(b). The most amplified wavelength of
the secondary instability also increases with the canopy height, which shows that it does not
scale with the shear-layer thickness.
5.3 Comparison with DNS results
We now present the results from the stability analysis conducted using the mean profiles
obtained from the DNS of dense canopy flows discussed in chapter 4. Following the results
discussed in §5.2, a viscous analysis considering the molecular viscosity alone is performed
using mean velocity profiles obtained from the DNSs of dense canopy flows discussed in
chapter 4. In the last part of this section, we also compare how well the model described in
§5.2 can capture the instabilities observed in the DNSs. Before we can conduct this analysis,
however, we need to obtain the effective drag coefficients of the canopy geometries studied
in chapter 4. Given the large density of the canopies considered, with maximum spacings
s+ = O(10), we assume that inertial effects in the flow deep within the canopy are small and
can be neglected (Tanino & Nepf, 2008). In the centre of the canopy elements, away from
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FIGURE 5.15 Growth rate, ω+i , as a function of the instability wavelength λ+x for canopies
with (a) C+x ≈ 10−2 and (b) C+x ≈ 1, with Cx/Cy = 101 for different heights. The colours
from red to blue represent h+ = 10, 20, 40, 60, 80, 100 and 150.
the shear effects at the canopy base and top, the mean momentum equation would reduce to
a balance between the canopy drag and the mean pressure gradient
CxU = −dPdx . (5.31)
Equation (5.31) is essentially Darcy’s equation for flow within permeable substrates (Darcy,
1856), and has been used by Zampogna & Bottaro (2016) to model flow deep within densely
packed, rigid fibres. The streamwise drag coefficient, Cx, can be obtained by substituting
the values of U and dP/dx obtained from the DNSs into equation (5.31). From dimensional
arguments, equation (5.31) predicts that the drag coefficient would scale as Cx ∼ ν/s2. This
scaling is demonstrated in figure 5.16(a), which suggests that equation (5.31) provides a
reasonable approximation for the flow deep within the present canopies, excluding the sparsest
canopy S48. Although we can expect the flow within the canopy to be Darcy-like in the
wall-normal direction as well, we cannot use the DNS results to obtain Cy, as there is no
mean flow in this direction. In order to obtain Cy, we consider separately the Stokes flow
along infinitely long canopy elements driven by a constant pressure gradient. The equation
for such flow is (∂2x + ∂2z )v = dP/dy. The wall-normal drag coefficient is then obtained as
Cy⟨v⟩ = −dPdy , (5.32)
where the angled brackets represent a spatial average. The estimated values of Cy are
portrayed in figure 5.16(b) for reference. It may be noted that the ratio of the streamwise to
wall-normal drag coefficients for the present canopies is Cx/Cy ≈ 2–3, which shows that the
streamwise flow is more obstructed than the wall-normal flow for the layouts considered.
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FIGURE 5.16 Variation of the lengthscales derived from the (a) streamwise and (b) wall-normal
canopy drag coefficients for different element spacings. The symbols represent the cases
studied in chapter 4, , family S; +, family H; and , family G. The colours from red to blue
represent cases S10 to S48, H16 to H128 and G10 to G100.
The most amplified wavelengths predicted by the stability analysis only match those
observed in the DNSs for canopies with high values of δ/h. This can be observed in figure 5.17,
where the most amplified instability wavelengths obtained from the stability analysis are
superimposed on the pre-multiplied spectral energy densities of the wall-normal velocity
fluctuations obtained from the DNS results, discussed in chapter 4. The growth rates for
different perturbation wavelengths from the analysis including the effect of drag on them
are portrayed in figures 5.18(a–c), and the wavelengths with the highest growth rates are
summarised in table 5.1. The instability wavelengths predicted for cases H16, H32, G10 and
G20 show reasonable agreement with the instability wavelengths observed in the DNSs. For
canopies with larger heights, however, the analysis predicts wavelengths larger than those
observed in the DNSs. For the fixed-spacing canopies of family H, the predicted instability
wavelength also increases with increasing canopy height, whereas the DNSs show that the
instability wavelength for these cases is essentially independent of the height. The contours
of the instability stream function for case H96 for the most amplified wavelength, λ+x ≈ 385,
portrayed in figure 5.19(a), show that it has a large wall-normal span, extending up to
y+ ≈ 120. This suggests that the predicted instability is the large wavelength, secondary
mode discussed in §5.2.3, which was observed for tall canopies with large drag coefficients in
the stability analysis. It is assumed in the present stability analysis that the drag coefficient
experienced by the perturbations is the same as that experienced by the mean flow. It is
possible, however, that scales much smaller than the mean, such as those of the instability,
perceive a smaller drag coefficient, as discussed in chapter 3 for sparse canopies, thus not
exciting this secondary instability. The results from the analysis excluding the drag on the
92 Analysis of Kelvin–Helmholtz-like instabilities over dense canopies
(a) (b) (c) (d) (e)
(f ) (g) (h) (i) (j)
(k) (l) (m) (n) (o)
FIGURE 5.17 Pre-multiplied spectral energy densities of the wall-normal velocity, kxkzEvv, at
height y+ ≈ 15 normalised by their respective rms values from the dense canopy simulations
discussed in chapter 4. The line contours represent (a–e) cases S10 to S48; (f–j) cases H16
to H128; and (k–o) cases G10 to G100. The shaded contours represent case the smooth-wall
case, SC. The contours are in increments of 0.06 for all the cases. The vertical lines mark
the most amplified wavelength predicted by linear stability analysis; , DNS mean profiles
without drag on perturbations; , DNS mean profiles with drag on perturbations; ,
mean velocity profiles synthesised using equations (5.28) and (5.29), with no drag on the
perturbations.
5.3 Comparison with DNS results 93
0
0.045
0.09
(a)
!
+ i
0
0.04
0.08
(b)
0
0.01
0.02
(c)
0
0.07
0.14
(d)
!
+ i
0
0.05
0.1
(e)
0
0.06
0.12
(f)
101 102 103 104
0
0.08
0.16
(g)
 +x
!
+ i
101 102 103 104
0
0.07
0.14
(h)
 +x
101 102 103 104
0
0.07
0.14
(i)
 +x
Figure 1:
1
FIGURE 5.18 Growth rates of different perturbation wavelengths obtained from the stability
analysis performed on (a–c) mean profiles obtained from the DNSs, with drag on the
perturbations included in the stability analysis; (d–f) mean profiles obtained from DNSs,
with no drag on the perturbations; and (g–i) mean velocity profiles synthesised using
equations (5.28) and (5.29), with no drag on the perturbations. The lines from red to blue
represent (a,d,g) cases S10 to S48; (b,e,h) cases H16 to H128; and (c,f ,i) cases G10 to G100.
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FIGURE 5.19 Contours of the stream function for the most amplified instability for case H96
obtained from the stability analysis (a) with drag and (b) without drag on the perturbations.
perturbations, which would recover the Kelvin–Helmholtz-like instability mode, are portrayed
in figure 5.18(d–f) and yield better estimates for the instability wavelengths observed in the
DNSs, as shown in figure 5.17. For the canopies of family H, the stability analysis without
drag on the fluctuations shows that the most amplified wavelength does not vary significantly
with the canopy height, as shown in figure 5.18(e). For the canopies of families S and G,
this analysis shows an increase in the most amplified wavelength with increasing element
spacing, as can be observed in figures 5.18(d) and (f), owing to the increase in the shear-layer
thickness. While neglecting the drag acting on the fluctuations yields better estimates for
the most amplified wavelengths for canopies with small spacings, the predictions for larger
spacings differ by up to a factor of two from the DNS observations. This is likely due to the
assumption that the mean flow is homogeneous in the tangential directions, implicit in the
stability analysis, which breaks down for such cases. There may also be some distortion of
the instability by the ambient turbulent fluctuations in the DNSs (Rogers & Moser, 1994;
Raupach et al., 1996; Finnigan et al., 2009; Bailey & Stoll, 2013).
The stability analysis also indicates that the observed instability scales in friction units,
as discussed in §4.1.1. Consistent with the observations in the DNSs, the linear stability
analysis for cases H32180 and H32400 also predicts similar instability wavelengths and growth
rates in friction units, as shown in figure 5.20.
The results obtained from the DNSs and the stability analysis suggest that there is a
dependence on the element spacing of the most amplified wavelength, related to the effect of
the spacing on the shear-layer thickness. As discussed previously, the full shear layer thickness
of the canopy will be the sum of the contributions within and outside the canopy region. The
shear-layer thickness within the canopy is defined as Ls = U/(dU/dy), as discussed in the
previous section. We observe that even in the DNS mean profiles, the shear-layer thickness
5.3 Comparison with DNS results 95
Case DNS SAC0 SAMC0 SA
S10 140 105 90 320
Fixed
S16(H96) 160 115 105 385
height
S24 200 140 115 420
S32 230 152 130 465
S48 250 152 140 165
H16 130 95 90 140
Fixed
H32 150 105 95 200
spacing
H64 160 115 105 290
H96(S16) 160 115 105 385
H128 160 115 105 560
G10 – 95 70 –
Self-similar
G20 120 95 90 170
geometry
G40 140 140 115 240
G60 190 170 130 320
G100 260 220 152 350
Varying Reτ
H32180 140 105 – 180
H32400 140 105 – 180
Table 5.1 Most amplified instability wavelengths observed in the DNSs and predicted by the
stability analysis, scaled in friction units. The column labelled ‘DNS’ lists the approximate
streamwise wavelength associated with the instability in the wall-normal spectra portrayed in
figure 5.17. SAC0, most amplified wavelengths from stability analysis on DNS mean profiles
without drag on fluctuations; SAMC0, mean velocity profiles synthesised using equations (5.28)
and (5.29), with no drag on the perturbations.; and SA, on DNS mean profiles with drag on
fluctuations
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FIGURE 5.20 Growth rate of different perturbation wavelengths from the stability analysis of
cases H32180 (solid lines) and H32400 (dashed lines). (a) portrays results from the stability
analysis with drag and (b) without drag on the perturbations.
outside the canopy appears to be y+c ≈ 5. This is illustrated in figure 5.21(a), which shows
that the instability wavelengths predicted by the stability analysis correlate well with the full
shear length Ls + yc, taking y+c = 5. This suggests that the shear-layer semi-thickness above
the canopies is roughly constant for most of the geometries considered here, and remains
close to the smooth-wall value. The only notable deviation is for the sparsest canopy studied,
S48. For canopies with large element spacings, we observe that the peak in d2U/dy2 moves
closer to the canopy-tip plane, so y+c = 5 may no longer be a reasonable approximation for
the shear-layer semi-thickness above. We observe that the height of the shear layer within the
canopy, Ls, is set by the mean canopy drag coefficient, Ls ∝
√
ν/Cx, which in turn depends
mainly on the element spacing, as shown in figures 5.21(b) and (c). The correlation of Ls
with s, therefore, explains the dependence of the most amplified wavelength on the element
spacing observed in the DNS results and the stability analysis.
5.3.1 Analysis on modelled velocity profiles
In this section, we examine how well the stability analysis conducted on these modelled
velocity profiles obtained using equations (5.28) and (5.29), compare to the analysis of the
DNS profiles. The effective streamwise drag coefficient used to model the velocity profiles
are the ones obtained using equation (5.31) and are portrayed in figure 5.16(a). The most
amplified wavelengths predicted by the stability analysis conducted on the modelled velocity
profiles, with no drag on the fluctuations, are in reasonable agreement with those conducted on
profiles obtained from the DNSs. The growth rates predicted are portrayed in figures 5.18(g–i).
The wavelengths with maximum growth rates are also summarised in table 5.1. It is worth
noting that even though this model is able to capture the instability wavelength, the velocity
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FIGURE 5.21 Relations between (a) the instability wavelength, λ+x , obtained from the linear
stability analysis and the total shear length, Ls + yc; (b) the shear length and the drag
lengthscale; and (c) the shear length and the element spacing. The symbols represent , cases
of S; +, cases of H; and , cases of G.
profiles obtained using this model do not match those from the DNSs, apart from those of
S10 and G10. This is most likely due to our assumption that the turbulent stresses do not
penetrate within the canopy, which fails as the element spacing is increased. As discussed
previously, the wavelength of the instability is set by the shear length. The shear length
within the canopy, Ls, is set by the canopy drag coefficient, Cx. As this drag coefficient is the
same both from the DNSs and for the modelled velocity profiles, we expect Ls to be similar as
well. The shear length above the canopy, however, may differ, as the profiles from the DNSs
include the effect of the turbulent stresses penetrating into the canopy and deviating from
their smooth-wall values, while the modelled velocity profiles do not. The similarity in the
instability wavelengths between these analyses, therefore, suggest that, for the dense canopies
considered in this work, turbulence is essentially precluded from penetrating within the
canopy and the shear length above does not seem to vary significantly from its smooth-wall
value.

Chapter 6
Conclusions and future work
In this thesis, we have investigated turbulent flows over canopies using direct numerical
simulation. A wide range of canopy parameters have been considered for canopies in both
the sparse and dense regimes.
The sparse canopies studied had element spacings larger than the characteristic scales
of near-wall turbulence structures, such as streaks, s+ ≳ 100, in addition to having low
frontal area densities, λf ≲ 0.1. The key idea was that such canopies would allow the
near-wall turbulence to ‘live’ within the canopy, relatively unhindered by the canopy elements.
These canopies were therefore sparse from the point of view of near-wall turbulence as
well. Two different canopy element geometries have been studied, each for different element
spacings. We have also compared canopies with permeable and impermeable elements in the
same arrangement. The flow was decomposed into an element-induced component and a
background-turbulence component. It was found that, although the element-induced flow
in the permeable and impermeable canopies studied here differ in intensity, the background
turbulence was essentially the same. A new scaling for the background turbulence within
sparse canopies was proposed. This scaling uses the friction velocity based on the local sum
of the viscous and Reynolds shear stresses, τf , at each height, rather than the conventional
friction velocity, based on the total stress. When scaled with the proposed local friction
velocity, the background-turbulence fluctuations and the viscous and Reynolds shear stresses
appear more smooth-wall-like, compared to when conventional, total-stress scaling is used.
This suggests that the sparse canopy acts in large part on the background turbulence through
a change in the local scale, rather than through a direct interaction with the canopy elements.
Based on the proposed scaling, we investigated the extent to which a drag force acting only on
the mean flow captured the effect of the canopy on the background turbulence. The mean-only
drag directly modifies the mean flow alone, which in turn sets τf and, hence, the scale for the
fluctuations. We show that the mean-only drag is able to capture the background-turbulence
fluctuations within the canopies better than a conventional homogeneous drag. Neither
approach is, however, sufficient to capture the element-induced flow. We have shown that the
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element-induced flow can be partially recovered by redistributing the mean-only drag in a
low-order representation of the canopy. While this low-order representation can capture the
element-induced velocity fluctuations of the permeable canopy, it still cannot fully capture the
deficit of the element-induced Reynolds shear stresses and, consequently, the mean-velocity
profile of the resolved canopy simulations. In future work, it would be worth exploring
more sophisticated models to capture this deficit. In the present work, the low-order canopy
representation only acts on the canopy scales and its harmonics, and cannot capture the
effect of the canopy on larger scales in the flow. The present model could be extended also to
apply a force on these large scales to account for this interaction.
We have also examined flows over dense canopies. We have studied the effect of the
canopy parameters on velocity fluctuations within and above the canopy. Three families of
simulations have been conducted. The first with the element height in friction units fixed,
the second with the element spacing fixed, and the third with the height-to-spacing ratio
fixed. The layouts considered had height-to-spacing ratios greater than one, and elements
spacings ranging from s+ ≈ 2.6 to 48. We have observed that the height of the roughness
sublayer in such canopies was set by the element spacing, and not their height, and extends
to approximately two to three times the element spacing. The intensity of the velocity
fluctuations within the canopy was also found to be determined by the element spacing. We
observed that the element-induced fluctuations were essentially the same for canopies with
the same element spacing regardless of their height and increased in magnitude with the
spacing. As the element spacing increased, so did the peak intensity of the wall-normal and
spanwise velocity fluctuations and the Reynolds shear stresses above the canopy. The peak
in the streamwise velocity fluctuations, in turn, decreased with increasing element spacing.
These changes were attributed to the modification of the near-wall turbulence through
its interaction with the canopy elements, and to the growth of a Kelvin–Helmholtz-like
instability at the top of the canopy. At a fixed element spacing, the effect of increasing the
height of the canopy was found to asymptote at a height-to-spacing ratio h/s ≈ 6. While
increasing the canopy height at a fixed spacing did not have a significant effect on the
element-induced flow, it promoted the formation of the Kelvin–Helmholtz-like instability,
which in turn affected the turbulence fluctuations within and above the canopy. Canopies with
very small element spacings, s+ ≲ 10, also inhibited the instability owing to the large drag
they exert on the fluctuations and a stronger footprint of the instability could be observed
over canopies with larger spacings. We found that the velocity fluctuations deep within
the canopy resulted largely from spanwise-coherent scales, suggesting that they originate
from the overlying instability as well. In the present work, we have only considered the
effect of rigid filaments in the flow. Recently, Sundin & Bagheri (2019) have also performed
fully-coupled simulations of turbulent flows over flexible filaments, although they did not
find evidence that Kelvin–Helmholtz-like instabilities were dominant in the flow. Now that
we have a better understanding of the canopy parameters that can elicit this instability, it
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would be interesting to simulate flexible filaments in these regimes. If we could obtain lock-in
between the instability and the element-waving frequencies it may be of interest for designing
canopies for energy harvesting. Another avenue to extend this research would be to evaluate
the effect of these canopies and the associated instabilities on convective heat transfer. The
recent study of MacDonald et al. (2019) has shown that the increase of heat-transfer caused
by rough surfaces asymptotes with the roughness size. It may be possible to enhance the
mixing and the heat transfer by employing canopy-like obstacles which allow the formation
of Kelvin–Helmholtz-like instabilities.
In the final part of the thesis, we have presented the results from models based on linear
stability analysis to characterise the Kelvin–Helmholtz-like instability over dense canopies.
We have modelled the flow within the canopies using two methods, the first by analogy to a
permeable substrate, and the second as a drag force in the momentum equations. In both
models, we have assumed that the canopy was dense enough to preclude the penetration
of turbulent eddies within them. In the permeable substrate model, the flow within the
canopy was assumed to be governed by the Brinkman equation, and the canopies were
parametrised by their permeabilities in the streamwise and wall-normal directions, Kx and
Ky, and their height, h. This equation was solved analytically, and the solution was used
to provide boundary conditions for the flow above the canopy. We found that the resulting
instability over the substrates scaled in friction units, where the friction velocity was measured
at the interface between the canopy and the free-flow. For permeability ratios relevant for
canopy flows, Kx/Ky < 1 and with large heights, the instability depended equally on both
the permeabilities and was governed by the parameter
√
K+x K
+
y . The model was also used
to show that the mean bending of the canopy elements up to angles of 30◦ did not have
a significant effect on the instability. This model, however, tended to under-predict the
wavelength of the instability compared to those observed in the DNSs, and also did not provide
an accurate representation of the instabilities for canopies with very high permeabilities.
These drawbacks resulted from the fact that the permeable substrate model did not utilise
the information about the mean-flow within the canopy elements, which sets the shear-layer
thickness that determines the instability wavelength, and the strength of the inflection point,
which determines its amplification. The drag-force model, which represented the effect of
the canopy as a homogeneous drag force, overcame some of these shortcomings by providing
an estimate for the mean flow within the canopy. This analysis also predicted that the
shear-layer instability over canopies scaled in friction units, measured at the canopy tip-plane,
similar to the permeable-substrate model. The height of the shear layer within the canopy,
Ls, is determined by the limiting value between the canopy drag lengthscale,
√
ν/Cx, and
the canopy height, h. This analysis predicted the increase in Ls and, consequently, the
instability wavelength as the canopy was made sparser. The analysis also showed that the
amplification of the instability was governed by two competing effects arising from the canopy
drag. A large drag resulted in a stronger inflection point, which enhanced the instability,
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while also inhibiting the fluctuations within the canopy, which suppressed it. The results
showed the presence of an optimum drag-coefficient for which the most amplified instabilities
could be obtained. For very tall canopies with large drag coefficients, the presence of a
large-wavelength, secondary instability that did not scale with Ls was observed. We also
extended this analysis to the velocity profiles obtained from the DNSs of dense canopy flows.
We found that while the stability analysis predicted the presence of the aforementioned
secondary instabilities for several of the dense canopies studied, they were not observed in
the DNSs. For these canopies, the stability analysis without any drag on the perturbations
provided a better approximation of the instability wavelength. The predicted instability
wavelength was shown to scale with the full shear-layer thickness, which included the part
of the shear layer within the canopy, Ls, and that outside, yc. The latter was found to be
roughly constant for the dense canopies studied, y+c ≈ 5, and was likely determined by the
location at which the vorticity gradient peaks above the canopy-tip plane, as proposed by
García-Mayoral & Jiménez (2011). The shear length within the canopy, Ls, was still set by√
ν/Cx which, in turn, was observed to scale with the element spacing. This analysis was
able to capture many features of the instability observed in the DNSs, such as the invariance
of the instability wavelength to an increase in canopy height, and its increase with increasing
canopy spacing. The analysis still fails for large element spacings, for which the assumption
of the flow perceiving the canopy in a homogenised fashion would break down. The stability
analysis conducted using the velocity profiles from the proposed drag model yielded similar
results to those conducted using the mean profiles obtained from the DNSs. This study
provided an a priori method to relate the canopy parameters to the characteristics of the
Kelvin–Helmholtz-like instability. The proposed models could be used to inform the design
of engineered canopies to enhance heat transfer or energy harvesting, which may conceivably
benefit from the presence of the instability.
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